A spectroelectrochemical investigation of arylamine based hole transporting materials by Paterson, Michael A. J.
Durham E-Theses
A spectroelectrochemical investigation of arylamine
based hole transporting materials
Paterson, Michael A. J.
How to cite:
Paterson, Michael A. J. (2003) A spectroelectrochemical investigation of arylamine based hole transporting
materials, Durham theses, Durham University. Available at Durham E-Theses Online:
http://etheses.dur.ac.uk/3704/
Use policy
The full-text may be used and/or reproduced, and given to third parties in any format or medium, without prior permission or
charge, for personal research or study, educational, or not-for-proﬁt purposes provided that:
• a full bibliographic reference is made to the original source
• a link is made to the metadata record in Durham E-Theses
• the full-text is not changed in any way
The full-text must not be sold in any format or medium without the formal permission of the copyright holders.
Please consult the full Durham E-Theses policy for further details.
Academic Support Oﬃce, Durham University, University Oﬃce, Old Elvet, Durham DH1 3HP
e-mail: e-theses.admin@dur.ac.uk Tel: +44 0191 334 6107
http://etheses.dur.ac.uk
2
A Spectroelectrochemical Investigation of 
Arylamine Based Hole Transporting 
Materia is 
by 
Michael A. J. Paterson, M.Sci. (Dunelm) 
Ustinov College, University of Durham 
A thesis submitted in part fulfilment of the requirements for the 
degree of Doctor of Philosophy at the University of Durham 
September 2003 
A copyrnglllt of tllllis tllnesns rests 
wntlln tllle author. No qanotatnorn 
from it should be plllbBfished! 
wftUnount !Inns prior written cornsennt 
amll informatnonn derived from it 
sllnoudd be adrnowledlged. 
~ 2 MAR 200~ 
Statement of Copyright 
The copyright of this thesis rests with the author. No quotation from it should be 
published without his prior written consent and information derived from it should be 
acknowledged. 
Declaration 
The work described in this thesis was carried out at the University of Durham, 
Department of Chemistry, between October 2000 and September 2003. All the work is 
my own unless stated otherwise, and it has not been submitted previously for a degree at 
this or any other university. 
Financial Support 
The Engineering and Physical Science Research Council (EPSRC) and A vecia are 
gratefully acknowledged for providing funding for the work described herein. 
11 
Abstract 
A Spectroelectrochemical Investigation of Arylamine Based Hole 
Transporting Materials 
This thesis describes exploratory synthetic, structural and electrochemical studies into 
the molecular and electronic structures of arylamine based hole transporting materials. 
The principle objectives in these studies were to increase understanding of the electronic 
structures of the materials involved and to investigate the effect of various substitution 
patterns on the chemical stability and electronic structure of these materials. 
Ill 
Chapter Summary 
Chapter One: Introduction to A1ylamines and their Applications highlights the 
industrial applications and importance of the materials studied in this thesis, and 
introduces the physical and electronic properties required of such materials. Previously 
studied materials and their properties are also reviewed. 
Chapter Two: Concepts and Techniques introduces the concept of mixed valence 
compounds and explains the theory behind this description. The various electrochemical 
and spectroscopic techniques employed throughout this study are also described here. 
Chapter Three: Trimylamines and Tetra Aryl Biphenyl Diamines introduces the 
structural and electrochemical characterisation of triarylamines and N,N,N',N'-tetraaryl-
1, 1 '-biphenyl-4,4 '-diamines and the analysis and assignment of the electronic structues, 
both in tenns of molecular orbitals and mixed valence materials. 
Chapter Four: Studies of the Molecular Conformation expands on ideas developed in 
Chapter Three and describes the synthesis, characterisation and study of N,N,N',N'-
tetraaryl-1,1 '-biphenyl-4,4'-diamines which are conformationally restricted due to their 
substitution patterns. The effect of these restrictions on the oxidation potential and 
electronic structure is analysed. 
Chapter Five: Trimeric and oligomeric systems explores the synthesis and study of 
trimeric and oligomeric derivatives of trimylamine, concentrating on the effects of 
various substituents on the chemical stability and electronic structure of the materials 
across the range of accessible oxidation states. 
Chapter Six: Electrochemical Polymerisation reactions expands on the study of 
chemical reactivity of triarylamine derivatives initiated in Chapter Five, covenng 
synthesis of reactive monomers and subsequent polymerisation reactions. The rationale 
behind the reactivity of the monomers is explored. 
IV 
Chapter Seven: Fluorescence, Raman and ESR Studies are described in this chapter, 
including a collaborative spectroelectrochemical Raman study of N,N,N',N'-tetraaryl-
1, 1 '-biphenyl-4,4' -diamines. 
Chapter Eight: Experimental Procedures are described, with complete characterisation 
data for all compounds synthesised during this study 
V 
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Chapter One 
Introduction to Arylamines and their Applications 
Chapter One: Introduction to Arylamines and their Applications 
Arylamines have found application in a number of technological roles due to their 
electronic and physical properties, a selection of these applications are reviewed here. 
1.1 Photoconductors in Xerography 
Electrophotography allows the replication of images on paper by arranging I 00 
million pigmented plastic particles in precise positions. Since its invention in 1942 it 
has grown to a hundred billion dollar industry. The fundamental process in 
xerography, as electrophotography became known on commercialisation, is the 
conversion of a light image into an electric field pattern . This is done through a series 
of stages. (Figure 1.1) 1 
5 
Paper In 
Figure 1.1 Xerographic reproduction machine indicating the important 
process steps. (1) Corona charging: (2) Exposure with light and 
lenses: (3) Laser: (4) Rotating polygon: (5) Development: 
(6) Transfer: (7) Fixing: (8) Cleaning: (9) Erasing. 
The first step in the xerographic process is the charging of the photoconductor- a 
material that is capable of photogenerating and transporting a charge. This is 
commonly achieved by passing a corotron across the photoconductor surface in order 
to create a uniform surface charge. The corotron is a thin wire, to which a high 
voltage is applied, generating a plasma around the wire and charging the 
photoconductor surface. 
2 
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The charged photoconductor is then exposed to light. This exposure to light initiates 
the photogeneration of charges that drift through the photoconductor, neutralising the 
surface charge in the illuminated areas and producing an electrostatic image of the 
original. Many different techniques have been applied to this step, including digital 
scanning of the image to be reproduced and then use of a laser to discharge the 
photoreceptor. Digital or laser printing emerged as a development of this process 
through removal of the scanning system and direct connection to a computer. 
The latent electrostatic image is developed into a visible image through the 
application of toner particles. The charged, pigmented toner particles are attracted to 
the charged image on the photoconductor surface, from which they are transfened to 
the paper or other copy medium and fused to that surface. 
Before repeating the imaging cycle the photoreceptor must be cleared of residual 
charge and toner. Toner is removed by physically cleaning the photoreceptor surface 
with a brush, wiper blade or magnetic roller. To remove any residual charge the 
photoconductor is exposed to an erase lamp that reduces the remaining electrostatic 
images to a level acceptable for initiation of the next charging step. 1 
It is clear from this brief introduction to xerography that the photoconductor is a key 
component, and that the physical and electrical demands on the photoconductor are 
not trivial. The main requirements of a photoconductor are as follows: 
( 1) The photoconductor film must hold the corona charge prior to exposure and 
maintain the image exposed charge pattern between exposure and development. 
(2) The photoreceptor must discharge efficiently at all wavelengths in the visible 
spectrum in a copier application, or in a laser printer, at the wavelength of the laser. 
(3) The photogenerated charge carriers must traverse the photoreceptor faster than the 
time taken for exposure and development. 
( 4) The charged, partially charged and residual voltages must remain stable, during 
repetitive cycles, with no build up of residual voltage caused by accumulation of 
charge. 
(5) The photoreceptor materials must be capable of being fabricated into large (0.1 to 
2 m2), defect-free films. The material must be stable in a chemically reactive corona 
3 
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environment containing ozone, oxides of nitrogen, and water, and physically resistant 
to wear and abrasion by the development and cleaning processes. 
The first photoreceptors consisted of amorphous selenium but doping with tellurium 
or arsenic is required to increase colour sensitivity and reduce crystallinity. The 
current trend is towards use of organic photoreceptors due to their material variety, 
economy, flexibility and environmental safety.2-5 High speed copying machines 
operating at speeds greater than 100 pages per minute typically use belts coated with 
multilayered organic photoc.onductors, while personal copiers and printers employ 
aluminium drums dip-coated with multilayered organic photoconductors. 
These organic photoconductors allow the separation of the roles of charge generation 
and charge transport and the concept of dual layer devices in which the functions of 
photogeneration and transport of charge are carried out by different materials has 
gained wide acceptance within the industry. In these multilayered systems, a thin 
charge generation layer (CGL) of organic pigment capable of efficient charge 
generation is combined with a thicker charge transport layer consisting of a charge 
transporting polymer or of a binary solid solution of a charge transporting molecule 
dispersed in an inert polymeric binder. This latter approach provides the ability to 
vary independently the photoelectronic and mechanical properties. 1 
4 
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1.2 Organic Light Emitting Diodes 
Since the first reports of organic electroluminescence (EL) appeared in the 1960s6 and 
the extensive development of the field in the 1980s, ?-ll the prospect of constructing a 
flexible, energy efficient flat panel display has been the driving force behind a great 
deal of research conducted into organic electroluminescent molecular materials. 12-14 
The stimulus behind this drive towards new display technology has been the continual 
demand for lightweight, colourful, power efficient displays for portable electronic 
devices, such as mobile telephones and computers. These displays need not be limited 
to small-scale applications and there is considerable interest in applying this 
technology to high-resolution displays for television sets and VDUs. 15-23 
Whereas conventional display methods such as cathode ray tubes,24 plasma displays25 
or liquid crystal displays are either bulky or require complicated electronics, organic 
EL devices are emissive with high luminescence, have high quantum efficiency, low 
operating voltages and are available in colours across the whole of the visible 
26-34 
spectrum. 
Where these properties are teamed with flexibility/ 5 fast response time of the 
individual pixels and the wide viewing angle of up to 160°, EL devices become a 
very attractive proposition indeed, as has been proven by the rapid uptake of this 
technology by a wide range of high end technology companies including Avecia,36 
Covion,37 CDT,38 IBM/eMagin,39 Kodak,40 Motorola,41 Philips,42 Pioneer,43 
Samsung/SDI/NEC,44 Sanyo,45 Sony46 and Toshiba.47 
1.2.1 Mechanism of Operation 
The principle behind an organic EL display is conceptually simple. The emissive 
material, which may be a highly conjugated polymer or specifically designed 
molecular material, is sandwiched between two electrodes. (Figure 1.2) When an 
appropriate voltage is applied the material is oxidised at the anode, generating 
positively charged "holes", and reduced at the cathode, leading to the introduction of 
electrons. The charges migrate towards the opposite electrode by an as yet poorly 
5 
Chapter One: Introduction to Arylamines and their Applications 
understood hopping mechanism between molecules/polymer chains. If two opposite 
charges happen to meet in the same EL molecule/polymer, an excited state "exciton" 
is formed48-54 which may then decay radiatively, emitting a photon. In conjugated 
materials these singlet excitons are not confined to a small region of the molecule but 
are wavelike and are spread over several repeat units, enabling them to move to a 
region of low energy where they decay. The introduction of dopants which creates 
sites where these excitons can decay is one method of altering the wavelength of the 
light emitted.55 To enable the emitted light to be observed, a semitransparent material, 
indium tin oxide (ITO) coated onto glass is used as the anode. 
Metal Cathode 
l ii. ~-~ 
I 
Emitted Light 
~ 
Emissive 
material 
Transparent Anode 
(ITO coated glass) 
Figure 1.2 Schematic configuration of a single layer OLED 
Various methods have been developed in the quest for a full colour display device. 
These include layering different emissive materials and generating emission from 
each colour separately, having three separate emissive materials making up the 
individual pixels (Figure 1.3) or creating a white emitting display with red, green and 
blue filters. 56-58 
Metal Cathode 
Organic Emitters 
ectron Transporting 
Layer 
ITO Coated Glass 
Figure 1.3 Schematic configuration of a three layer OLED with multiple 
organic emitters 
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1.2.2 Mechanism of Electroluminescence 
The photophysics of electroluminescence is closely related to the principles of 
photoluminescence. Electroluminescence is generated by application of a field to a 
material whereas photoluminescence is the re-emission of a photon of absorbed light, 
usually at a longer wavelength. The electroluminescence and photoluminescence 
spectra of a particular material are almost always identical as they usually originate 
from the same energy levels. 
Electroluminescence is an inherently inefficient process as statistically 75% of excited 
states are formed as triplets, which do not decay radiatively. On formation of a singlet 
excited electronic state, through either absorption of a photon or the presence of an 
exciton, an electron is promoted into one of the energy levels above the ground state 
HOMO, Is (v = n). Loss of energy through non-radiative decay occurs first to the Is 
(v = 0) state. Then a radiative transition to the ground state can occur and this is 
observed as emitted light. (Figure 1.4) 
Excited state 
Non-radiative 
decay 
Radiation 
Ground state 
Figure 1.4 Jablonski diagram of photoluminescence 
Non radiative decay from the Is (v = 0) can occur when inter system crossing occurs. 
The excited state originates as a singlet state. However, if there is a mechanism for 
7 
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conversion ofthe singlet to a triplet state, (converting t ..!-to tt), these triplets can then 
lose further energy by non-radiative decay. Any emission observed would be weak, 
often occurring as phosphorescence, long after the excited state is formed. Another 
pathway for non-radiative decay is the migration to and decay of the excited state at 
quenching sites, such as the metal contacts, chemical defects or contaminants in the 
material. 
1.2.3 Charge Transport and Injection 
Organic materials are generally much more efficient transporters of positive charges 
than electrons. In a single layer device, the majority of holes will pass through the 
emissive material without meeting an electron and therefore without emitting light. In 
addition, the region where electrons and holes meet will be close to the metal contact. 
This tends to quench electroluminescence. All of these factors serve to cause poor 
device efficiency i.e. number of photons emitted per electron injected. To increase the 
efficiency a layered arrangement has been developed, with three or more layers of 
different organic materials,8-10 typically a hole transporting layer, the emissive layer 
and an electron-transporting layer. These additional layers improve charge carrier 
injection into the emissive layer. They also effectively control where the combination 
of hole and electron occurs, through the use of hole and electron injecting materials, 
which transport only holes or electrons the charges are effectively confined to the 
emissive material, thus increasing the efficiency of the device.59 (Figure 1.5) 
Electron injecting layer 
Cathode / / Emissive material 
---
Hole injecting layer 
-
r--
Transparent Anode 
Emitted Light 
Figure 1.5 Multi-layered device arrangement 
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The design of suitable materials for device construction requires an understanding of 
injection and transport of charges between the layers of organic material throughout 
the device. 
Figure 1.6 Band structure diagram for a three-layer system 
LUMO Levels 
ITO 
HTL EM ETL 
HOMO 
levels 
Metal 
HTL Hole transport layer 
EM Emitting material 
ETL Electron transport 
layer 
Figure 1.6 illustrates the ideal arrangement for the relative energies of the HOMOs 
and LUMOs of an EL device. The HOMO of the EM is at a higher energy than the 
HOMO of the HTL, and the LUMO at a lower energy than LUMO of the ETL. This 
ensures that both holes and electrons can be efficiently transferred to the emissive 
layer. The use of ETL and HTL materials also confines the excitons to the emissive 
layer,7-10• 60 minimising non-radiative losses at the electrodes. 
For effective hole transport it is essential that the material possess a number of key 
characteristics: 
(1) The material must have a low ionisation potential so that it will easily form the 
radical cation through loss of an electron. 
(2) The redox process must be completely reversible; any degree of irreversibility will 
soon degrade the transporting material and possibly act as a trap to transport. 
(3) The material must be stable in both neutral and oxidised states under the operating 
conditions of the device. 
The use of materials initially developed as charge transporting materials for 
xerographic applications has advanced this area of research due to the common 
requirements of the two applications. Use of both charge transporting polymers, and 
molecularly doped polymers to obtain the optimal electronic and physical properties 
has been explored, and will be discussed below. 
9 
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1.3 Organic Transistors 
The rapid development of organic LEDs has revealed the possibilities of utilising 
organic and polymeric devices in other areas of electronics. Organic transistors have 
been proposed for applications such as display driving circuits and low-cost memory 
devices for smart cards and price tags. The key building blocks for these circuits are 
organic thin film field effect transistors (TFTs or FETs). These systems may not 
replace silicon in high performance or high-density devices; instead they are aimed at 
applications where ease of fabrication, mechanical flexibility, cost and avoidance of 
high temperature processes are of particular importance.61 -64 
A typical FET is constructed with the following components, three electrodes (gate, 
drain and source), a dielectric layer and a semiconducting layer.(Figure 1.7) The 
semiconductor channel acts as an insulator until a voltage is applied to the gate 
electrode. When a voltage is applied to the gate, charges can be induced into the 
semiconducting layer at the interface between the semiconductor and dielectric layer. 
As a result this allows current to flow through the semiconductor. 64 
Drain "' 
• 
Gate 
Electric field tJ 
Figure 1.7 Typical arrangement of a FET 
Source 
Dielectric 
Semiconductor 
The semiconductor must possess several distinct but interrelated attributes: 
(1) The material must accept charge from the source electrode, without a substantial 
voltage being required. 
(2) The charge must migrate quickly between the source and drain. The mobility must 
be high enough to allow useful amounts of source-drain current to flow, modulated by 
an accessible voltage. 
10 
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(3) The semiconductor must withstand the operating conditions without thermal, 
electrochemical or photochemical degradation. 
These requirements define the necessary band levels, band gaps and surface states for 
the semiconducting material.65 
1.3.1 Mechanism of Hole Movement 
The role of polymers in the electronics industry has been traditionally associated with 
insulating properties. However, all of the technologies discussed above employ an 
organic material as a semiconducting material. The polymers that have found 
application as semiconducting materials contain a conjugated n-system along the 
polymer backbone. The multiple bonds or heteroatoms between carbon atoms in the 
polymer chain provide an electron excess to that normally required for bonding. These 
'spare' electrons are in Pz orbitals that overlap with adjacent Pz orbitals to form a 
delocalized n-electron cloud that can spread over several atomic sites along the 
polymer backbone. When this occurs, delocalized n valence (bonding) and n* 
conduction (antibonding) bands with a defined band gap can be considered to be 
formed. The delocalised n-electron system confers semiconducting properties to the 
polymer and gives rise to the ability to support positive and negative charge carriers 
with high mobility along the polymer chain.20• 51 
The charge transport in molecularly doped polymers, where the polymer acts as 
supporting matrix to the electron donor or acceptor is commonly described by means 
of a hopping mechanism, in which the hole or electron progresses through the bulk 
material by an electric field driven chain of redox processes, involving discrete neutral 
molecules or groups and their charged derivatives.66-68 
M = Neutral molecule 
R+. = Radical cation 
M M R +. M 
Hole transport 
Figure 1.8 A schematic of the hole transport process. The electron hops from 
a neutral molecule to a neighbouring radical cation. The hole thus moves in 
the opposite direction. 
11 
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The interpretation of data differs between the many available systems, but the rate of 
charge transport has been shown to depend on the type of material, the concentration 
of active species, the supporting polymer - which is not inert as originally assumed, 
temperature and most of all, the applied electric field. 69-71 
1.4 Hole Transporting Materials 
For hole transport, on which this thesis will now focus, it is essential that the material 
be an electron donor when neutral, and have a low ionisation potential to facilitate 
formation of the cation radical, and that the redox processes (oxidation/ 
reduction/oxidation) are completely reversible. Aryl amines were found to possess the 
required low ionisation potentials which when combined with their physical 
properties and ease of derivitisation, proved to be the ideal family of materials for 
application as hole transporting materials. 
1.4.1 Small Molecules as Hole Transporters 
Triphenylamine and tetraaryl-1, 1 '-biphenyl-4,4' -diamines were amongst some of the 
earliest organic materials to be studied as hole transporting materials. However during 
device operation there is significant thermal stress on the hole transporting material 
and one of the principal failure modes in devices incorporating these materials 
involves thermal instability in the molecular thin film. 11 ' 72 ' 73 The main sources of 
instability in the amorphous films are thought to be dewetting and crystallisation. 
Crystallisation of the organic layers can cause the contacts between layers to be 
destroyed and crystal grain boundaries are believed to act as traps to mobility. The 
formation and stability of amorphous films, is therefore very important for hole 
transporting materials. Thermally induced dewetting and crystallisation occur most 
readily in materials with comparatively low glass transition temperatures (Tg)· It has 
been shown that there is a linear relationship between the T g of the hole transporting 
material and the temperature at which a device fails. At temperatures above the T g, 
drastic morphological changes have been reported in films of N,N' -diphenyl-N,N'-
bis(3-methylphenyl)-1, 1 '-biphenyl-4,4' -diamine (TPD, 1 ), leading to the failure of the 
device. 73 -75 A systematic study showed that devices manufactured from hole 
transporting materials with higher T gS demonstrated greater thermal stability.73 A 
considerable amount of research has been directed towards developing hole 
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transporting materials with the required low ionisation potential, high hole mobility 
and greater amorphous film stability than the currently available materials, such as 
N,N' -diphenyi-N,N' -bis(3-methylphenyl)-l, 1 '-biphenyl-4,4' -diamine (1 ), which has a 
Tg of only 65 oc. 
Q - - Q N-o-o-N d b 
Figure 1.9 N,N'-diphenyi-N,N'-bis(3-methylphenyl)-1, 1 '-biphenyl-4,4'-diamine (TPD, 1) 
A number of approaches to mediate this film instability have been developed. 
Incorporation of the hole transporting material into a supporting polymer matrix, 66-68, 
70 
although this can give some problems relating to phase separation of the dopant 
materials and polymeric support. 76 Incorporation of the hole transporting unit into a 
polymer, (which will be considered in a later section) and utilisation of a material with 
inherent greater thermal stability.72• 76' 77 Among the methods used in developing 
materials with an increased thermal stability are synthesis of starburst materials 
having a triphenylamine or benzene core, use of spiro linkages between established 
hole transporting units and the addition of bulky groups to the phenyl rings of 
tetraaryl biphenyl diamine derivatives, often in an asymmetric substitution pattern as 
this hinders crystallisation. All of the above approaches will be briefly reviewed here. 
It was proposed by Tanaka, Kitamura and Yokoyama that charge transport processes 
in these materials are dominated by the degree of delocalisation of the charge 
distribution on the molecule, and that high mobilities require that the distribution be 
highly delocalised. 77 For hole transport Kitamura and Y okoyama concluded that two 
structural features are important for high mobilities: 
( 1) Polyfunctionality i.e. more than one donor unit within a molecule to afford a 
greater probability that a hole will hop from a neighbouring molecule. 
(2) A well balanced resonance structure to ensure that a hole has a high intramolecular 
mobility within a molecule. This was the first realisation that intramolecular charge-
transfer was significant to charge transport in these materials.78• 79 
Many of the TPD based materials did combine two donor sites, being diamines, with 
good delocalisation of the charge, these materials are amenable to asymmetric 
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substitution and a selection of materials and their corresponding oxidation potentials, 
glass transition temperatures and HOMO energies are displayed in tables 1.1 and 
1.2. 11 ' 72• 80-85 The drive to synthesise and test a wide range of materials in order to 
optimise these aforementioned properties led to developments in the synthetic 
procedures for formation of these materials. 4' 5• 86' 87 Synthetic procedures will be 
discussed in more detail in Chapter 4. 
Literature reports of novel hole transporting materials often use different parameters 
to measure the oxidation potential/ionisation potential and energy of the HOMO. For 
clarity all oxidation potentials are quoted relative to Fe/Fe+ = 0.0 V, and HOMO 
energies are quoted based on the value of --4.8 eV for Fe with respect to zero vacuum 
level following the procedure adopted by Pommerehne et al. 50 
14 
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Table 1.1 Selected data for biphenyl diamine based hole transport materials 72· 80 
~~I" mol I 8- Q Q Q Q ~- ~-N- N- N- N-""" CO I d q I cP 
NAr, IRowl 
8- - 109 107 91 85 117 125 0.52 0.54 0.53 0.52 0.47 0.53 0.58 -5.32 -5.34 -5.33 -5.32 -5.27 -5.33 -5.38 
- 5.78 - - - 5.53 -
Q 100 106 87 85 110 117 
N- 0.31 0.32 0.32 0.29 0.25 0.31 CO -5.11 -5.12 -5.20 -5.09 -5.05 -5.11 5.70 - - 5.58 - -
Q 103 92 94 105 117 
N- 0.33 0.32 0.29 0.28 0.27 
cP -5.13 -5.12 -5.09 -5.08 -5.07 - - - - -
Q 77 71 96 97 
N- 0.29 0.31 0.273 0.29 d -5.09 -5.11 -5.07 -5.09 
- - - -
Q 60 86 91 
N- 0.27 0.24 0.26 q -5.07 -5.04 -5.06 
5.50 - -
~ 117 125 0.20 0.23 -5.00 -5.03 5.30 -
~- 110 0.24 
-5.04 
5.46 
.. The amme found 1n the column IS bound to the 4 pos1t1on of the biphenyl and the am me m the 
row is bound to the 4' position. The amines along the diagonal are symmetric, while all the 
non-diagonal entries are asymmetric. The first line of each entry is the T9 n. the second line 
is the oxidation potential, obtained from CVs in CH2Cb referenced to Fe/Fe+ = O.OV. The third 
line gives the HOMO energy (eV). The fourth line gives the lp in eV. 
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Table 1.2 Selected data for biphenyl diamine based hole transport materials 11 • 80-85 
0.17 
-4.97 
0.18 
-4.98 
0.47 
-5.27 
56 
-5.06 
5.32 
56 
5.44 
56 
5.20 
78 
5.20 
67 
4.97 
The first line of each entry IS the T9 n. the second line IS the OXIdatiOn potential relative to 
Fe/Fe·. The third line gives the HOMO energy (eV). The fourth line gives the lp in eV. 
These studies have produced a wide range of diamine derivatives, with varying T gS 
and ionisation potentials. The highest Tgs are associated with carbazole, 
iminodibenzyl and iminostilbene end groups and, excepting the carbazole containing 
materials, these compounds also show relatively low oxidation potentials. 
16 
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The use of a spiro linkage between the hole transporting units in place of a biphenyl 
has been investigated by a number of groups. 8• 11 • 88· 89 The spiro linkage imparts better 
film forming properties and higher T g values due to the non-planar conformation of 
the molecular structure. The electronic properties of discrete end units, such as 
arylamines, are uneffected giving good hole transport. (Table 1.3) 
Table 1.3 Selected data for spire linked hole transporting materials. B. 11 • BB. Bs 
17 
T9 =161 o 
T9 =131 o 
T9 =74 o 
lp = 5.43 eV 
T9 = 153 o 
E112 = 0.24 V 
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Another approach utilised to raise the film stability and Tg is to form starburst 
molecules centred about either an arylamine or a benzene core, with arylamine units 
radiating out. These materials have been shown to have low ionisation potentials and 
to form stable amorphous films. 73• 84• 90-94 The majority of these materials have been 
based around simple arylamines, incorporation of carbazole and napthyl moities into 
the materials has been shown to increase the Tg even further. (Table 1.4) 
Table 1.4 Selected data for starburst hole transporting materials. 
p-~b-), T9 = 106 o 
Ar=-0-ocH, 
Tg =-
E112 = -0.01 V 
HOMO= -4.98 eV 
OCH3 
Q/Ar 
Ar =-Q-o-Q T 9 = 54 o 
E112 = 0.07 V 
N HOMO = -5.07 eV DoOCH, 
Ar=--o-o T9 = 85 o Ar--..._ ~ 
N N E112 = 0.11 V 9 I Ar HOMO = -5.11 eV Co T9 = 88 o Ar= .# 
E112 = 0.12 V OCH3 
HOMO= -5.13 eV 
Ar=lXX) T9 = 123 o I.# .# .# 
E112 = 0.07 V 
HOMO= -5.16 eV 
1) 
c2 :a 07 ON I I # T9 =141o # N # E112 = 0.02 V U'Dn:9J HOMO= -4.82 eV c;o'#2/' I 
""' (X)N'() I# 
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Larger linear systems such as trimers, tetramers and pentameric systems exhibit 
similar electrochemical properties to the dimeric systems, with higher glass transition 
temperatures. 11 ' 73 ' 88 ' 95 (Table 1.5) 
Table 1.5 
c;r Y T9 = 95 o y"%"if"y lp = 5.08 eV 
9 
C( C( 
C!"S"d(%"h T9 = 140 o 
6 iJ 
Q Q T9 = 145 o ~"YI if"~ t::l.~ ~. u.D 
-A IJ j) ~ 
Larger molecular weight derivatives of triphenylamine and tetraaryl biphenyl diames 
have been synthesised and these polymeric systems alongside polymers with hole 
transporting units appended to side chains, will be briefly reviewed here. 
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1.4.2 Hole Transporting Polymers 
The polymeric materials that have been employed as hole transporting materials can 
be classified into two types. Those employing the hole transporting units in the 
backbone and those with hole transporting groups appended on side chains. 
The simplest of the former class, polytriphenylamine itself, has been shown to form 
stable amorphous films from a toluene solution with aT g of 185 °C, and hole mobility 
not worse than the TPD based reference device. 75 
9 P'9 
n 
n = 7-11 
Modifications that have been made to the polymer structure include disrupting the 
biphenyl link between adjacent amine centres through incorporation of methylene 
groups between the triarylamine units. This approach has been proven to provide a 
polymer with good solubility and therefore, ease of processing, good film formation 
and a electrochemical response similar to the monomer.3• 96• 97 
T9 = 169 
E112 = 0.94 V 
T9 = 132 
E112 = 0.96 V 
Attaching the hole transporting unit to an established polymer backbone allows much 
greater scope for derivatisation,85· 98 although the backbone can play a role in 
disrupting the charge transport. The incorporation of a variety of amine groups into a 
poly(methylmethacrylate) backbone with the active amines separated from the 
polymer backbone by three or four atoms to ensure that they replicate the disordered 
20 
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solid solutions found for aromatic amines in polymeric binders has been studied.2 The 
resulting polymers were soluble in all common organic solvents and formed films 
which were subjected to hole mobility testing. It was found that the triphenylamine 
substituted polymer exhibited the highest hole mobility, this was however lower than 
the mobility of TPA at 30 wt % in polycarbonate. The polymer itself having a higher 
concentration of amine centres (71 wt %). This was attributed to the inhibition of 
overlap of the functional groups due to the covalent attachment of the triphenylamine 
unit to the polymer backbone. 
'-
0~0 -------R 
~
Figure 1.10 Polymers of arylamine-containing methacrylates 
A novel fluorene based co-polymer incorporating alternating fluorene and diphenyl 
benzidine units had a Tg of 148 °C, was soluble in common organic solvents and had 
better hole transporting properties than most of the 9,9-disubstituted polyfluorenes.99 
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The stability ofthe radical cations formed on oxidation oftetraaryl biphenyl diamines 
and the idea that the radical is delocalised over multiple sites has led to the description 
ofthese materials as mixed valence compounds. A brief review ofthe theory of mixed 
valence compounds and electron transfer is presented here. 
2.1 Electron Transfer 
Inter and intra-molecular electron transfer (ET) reactions are of great importance in 
chemistry and biology and a great deal of effort has been put into understanding them . 
In order to study the processes, researchers have typically identified and quantum 
mechanically treated the electronic manifolds of the localised M and M+ sites 
(designated the diabatic states), then formulated the electronic coupling process 
mediated by the energetic and electronic features of any intervening medium. The 
medium may be an intramolecular "bridge", as well as the surrounding environment.e 
~ 
-r--- Medium (Solvent) 
~------------------~ 
Examples of applications of this system are: 
Molecule-Molecule-Molecule 
Molecule----Molecule----Molecule 
Electrode-Molecule----Electrode 
Covalently linked 
Non-bonded contact 
As in scanning tunnelling 
microscopy 
Figure 2.1 Schematic depiction of two redox active sites linked by a bridge, and 
some applications of these systems 
If the constituents of the two sites are identical, but assuming that the left and right-
hand sites can be distinguished, the energy of the electron (or hole) at the two sites is 
identical since the constituents are the same, that is, the equilibrium constant for 
figure 2.1 is 1 (LiG= 0). The species on either side of the equilibrium are energetically 
degenerate electronic isomers. As stated above, there is no free energy change 
accompanying the electron transfer, there is however an activation barrier; Eth to the 
process. 
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/ 
Figure 2.2 Optical and thermal electron transfer paths 
As a consequence of the differing solvent and substituent environments, the electron 
transfer is accompanied by nuclear rearrangement at each site. As electronic motion 
occurs at a much shorter time-scale than nuclear motion (the Franck Condon 
principle), this nuclear rearrangement gives rise to the electron transfer activation 
barrier Eth· If spontaneous electron transfer were to occur between M and M+ in their 
original configurations, the product would be formed in a vibrationally excited state: 
M+ having the substituent bond lengths and solvation of M, and M in a configuration 
appropriate to M+. This would not conserve energy. This thermally 'forbidden' 
pathway is the upper route in figure 2.2. For thermal electron transfer, rearrangement 
of the substituents and solvent about M and M+ precedes the electron transfer step, 
giving rise to an energy barrier to the process. The electron transfer occurs within an 
activated complex in which theM-Land M+-L (L denotes substituents bound to the 
redox centre M) bond lengths and solvent environment are the same and are 
intermediate between the M-L and M+ -L values. This thermally allowed route is the 
lower pathway in figure 2.2. The upper pathway in figure 2.2 can be induced when 
incident light of the correct frequency is absorbed and supplies the energy required to 
form the excited state. 1 The upper pathway is designated optical electron transfer and 
occurs when Eop = hv. 
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Electron transfer theory was initially developed by Marcus,2 who introduced the 
importance of the total reorganisation energy A and the electronic coupling element 
Hab, both of which will be discussed in more detail later. 
Much of the initial work on mixed-valence compounds stemmed from the work of 
Creutz and Taube who studied [(NH3) 5-Ru-Pz-Ru(NH3)s] 5+ in which the two 
ruthenium centres are in different oxidation states (Pz = Pyrazine). The ultra-violet 
and visible spectra of [(NH3) 5-Ru-Pz-Ru(NH3) 5] 5+ contained only features expected 
for a species containing Ru(II) and Ru(III) centres. Examination of the NIR region 
however contained a band absent in the spectra of the 4+ and 6+ dimers, the optical 
electron transfer band. 3 
Robin and Day devised a scheme for classifying mixed valence materials. They 
allocated materials into Class I, II or Ill depending on the strength of the electronic 
interaction between the sites of differing oxidation states, ranging from no interaction 
(Class I) through modest interaction (Class 11) to very strong electronic coupling 
(Class III).4 
The properties of Class I systems are essentially those of the separate sites. In Class 
Ill systems the interaction of the two sites is so great that the system is delocalised 
and possesses its own unique properties. Class 11 systems are intermediate, with 
interaction between the two sites, although this interaction is sufficiently weak so as 
to transiently localise the charge. These materials generally possess novel optical and 
electronic properties in addition to those of the separate sites. To fully understand the 
classification and theory it is beneficial to plot the differing potential energy curves of 
the three classes of materials. The potential energy surface of a degenerate mixed 
valence system can be constructed from parabolic functions that represent the diabatic 
(non-interacting) states. Electronic coupling of these diabatic states leads to an 
avoided crossing in the intersection region of the two parabolas and, thus, to two 
adiabatic surfaces where the splitting at the (avoided) intersection is 2Hab. 
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Class I 
E 
Q 
Class II 
Q 
M-M+ M+-M 
With no interaction the two Potential 
Energy curves are separate. 
(Q =Reaction Coordinate) 
When electronic coupling occurs, the 
wave functions mix in a manner 
described by the electronic coupling 
element Hab· IfHab is small (and/or A is 
large) there are two minima and two 
electronic states which can inter-
convert by two routes.5 
The two processes are as outlined above, a thermal process, which is governed by Eth 
= A/4 - Hab, and an optical process where the system is photo-excited from one 
minimum of the lower PE surface to the Franck-Condon state ofthe upper PE surface. 
The energy of this excitation Eop is the Marcus reorganisation energy A, which is 
comprised of an inner (vibronic) component Av, which is due to reorganisation of the 
molecule on transfer of the charge, and a solvent shell reorganisation component 'As. 
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Class III 
E 
Q 
As Hab increases, the thermal barrier 
Eth=(/J4)-Hab decreases. When Hab is 
sufficiently large there 1s a single 
symmetrical electronic and nuclear 
state. 
The discrimination between Classes 11 and Ill is not simplistic as the observed 
behaviour is dependent on the rate of the ET process with respect to the time-scale of 
the experimental technique. For this reason organic materials on the borderline 
between Classes 11 and Ill have recently attracted a great deal of theoretical and 
experimental study.6-8 
For both Class 11 and III compounds, the absorption bands due to Eop, which are 
usually found in the NIR region, contain a large amount of information, and can be 
analysed by a number of methods.9 The shape of the band provides information on 
whether a material is Class II or Ill. For a Class 11 material, if one constructs a 
potential energy surface from two diabatic parabolas and assumes a Boltzmann 
distribution of vibrational states over the ground-state surface, it is reasonable to 
expect an approximate Gaussian absorption band shape centred at vmax, where V max 
corresponds to Eop· 
In the case of Class Ill compounds where Hab is large, a Boltzmann distribution of 
states is still assumed, but it is important to note that the smallest vertical excitation 
cannot be less than the smallest energy gap between the ground and excited states, 
which is 2Hab for both Class 11 and Ill. The band now displays a band maximum vmax 
:::::: A. :::::: Eop at the minima of the lower energy surface. As a result the band displays 
marked asymmetry due to this low energy "cut off' at 2Hab·6' 7' to, 11 
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i) ii) 
Q 
M-M• 
Figure 2.3 Energy plots (top) and resultant spectra illustrating the cutoff using the Marcus-
Hush two state model. For i),A Class Ill system, Hab>A/2. The band maximum occurs at 
2Hab (A) with a high energy bandwidth extending to B. 
For ii), A Class 11 system, Hab<A/2 The band maximum (Vmax) occurs at Eop (A) but the band 
is more symmetric with both high and low energy bandwidth distribution. 
A great deal of information can be extracted from analysis of these bands. Hush and 
others developed theoretical treatments from consideration of Class II mixed valence 
compounds and their spectroscopic properties. For Class Il species, Hush theory can 
be used to deduce the electronic coupling parameter Hab (in cm-1). For this purpose 
equation 2.1 is often used. 12 
~ ~ 1/2 
Hab = 0.0206/r ( Vmax Vu 2 E) Equation 2.1 
~ ~ 1n 
v 112 (HTL) = 47.94( V maJ Equation 2.2 
However, the extinction coefficient e, the bandwidth at half height v112 and the 
electron transfer distance r (in A) must all be known. The value of r can be difficult to 
determine precisely, especially for systems with delocalised frontier orbitals. If the 
vibrational levels are in the order of ks T or smaller, the situation relates to the high 
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temperature limit (HTL) and the bandwidth at 298 K is given by equation 2.2. 
Equation 2.1 is only valid for true Gaussian shaped curves, which only occur when 
the diabatic potential surfaces are true parabolas. A more rigorous quantum 
mechanical formulation of equation 2.1 is equation 2.3. 13 
Hab = V max 1Je9/er Equation 2.3 
where 1-leg =0 .09584(fE (V ) dv )/V max ) 112 Equation 2.4 
In this equation !leg is the transition moment connecting the ground and the excited 
state, v max is the transition energy, r is the distance between the diabatic (non-
interacting) redox active centres and e is the elementary charge. This equation has the 
advantage that no assumption is made about the band shape as !leg can be calculated 
from the integrated absorbance band of any band shape via equation 2.4. 
The need for accurate analysis of the NIR absorption band has resulted in the 
development of a method in which construction of a vibronic matrix allows the fitting 
of a theoretical band to the experimental data. The adjustment of only three 
parameters, the electronic coupling parameter Hab, the linear vibronic coupling 
constant ly and the reorganisation energy A. enables accurate reproduction of 
experimental results and makes no assumptions about the electron transfer distance in 
the molecule. 14 
As the surrounding medium is affected by the rearrangement of the material on charge 
transfer, contributing to the total rearrangement energy through the component 'As, 
solvent effects have been studied.'· 6• 15 The total reorganisation energy decreases as 
the solvent becomes less polar, and by assuming that the solvent may be considered as 
a dielectric continuum, Marcus introduced an equation that relates 'As to the Pekar 
factor which depends only on the bulk solvent parameters, the refractive index at the 
sodium D line and the static dielectric constant. 15 
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2.2 Experimental Techniques 
2.2.1 Electrochemistry 
The basis of cyclic voltammetry, a linear sweep method, involves application of a 
potential gradient to the working electrode, from the initial potential Ei, to the first 
vertex (maximum Emax or minimum potential Emin), the sweep then reverses and 
sweeps to the second vertex (Emin or Emax) then continues to the final potential, Er. Ip,a 
and Ip,c are the anodic and cathodic peak currents.(Figure 2.5) 
Em ---- 1/ 
Emax 
EN vs Fe/Fe+ 
E . ----------------- ----------ffil 
Figure 2.4 Sweep diagram for a cyclic 
voltammogram process 
Figure 2.5 Typical cyclic voltammogram 
for a single oxidation process 
The important parameters that are most easily adjusted are: initial potential Ei, initial 
sweep direction, scan rate, maximum potential Emax, minimum potential Emin, and 
final potential Er. 16 For a reversible redox system Ep,a- Ep,c = 57.0/n mY, where n is 
the number of electrons involved. In organic solvents there is often solution resistance 
between the working and reference electrodes. This resistance leads to a shift in the 
potential of the working electrode of IpR where R is the uncompensated resistance of 
the solution. A broadening of the peaks is observed and greater separation between 
Ep,a and Ep.c than predicted. For systems where two or more successive oxidations or 
reductions can occur, A- e· ~A+ (EI 0 ) then A+- e· ~ A2+ (E2°), if£02 and £01 are 
well separated with E0 1>E0 2 then 2 or more waves are observed in the 
voltammogram. 17 
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Through the use of the electrode potentials of the two processes, A - e· - A+ (P1) 
and A+ - e·- A+2 (E0 2), calculation of the cell potential and then application of the 
Nernst equation produces the equilibrium constant, or in this specific case the 
comproportionation constant Kc, which is a measurement of the thermodynamic 
stability of the cation A+. 
A -e A+ -e A2+ 
E0 1 E0 2 
Kc 
A+ A2+ 2A+ 
E=Eo2_Eo1 Equation 2.5 
The Nernst equation states that E = Eo -(RT/nF)lnQ, where E = cell potential, Eo = 
formal electrode potential and Q = reaction quotient. At equilibrium. Q = K, and E = 
0, therefore 
~E = (RT/nF)InKc 
Eo2- Eo1 = (RT/F)InKc 
(E0 2- EoJ)F/RT = lnKc Equation 2.6 
If the value of Kc is large then the equilibrium lies over to the right hand side and A+ 
is stable with respect to A and A2+. 
In this study cyclic voltammograms were recorded using either an EG & G Versastat 
11 or an Eco Chemie Autolab PGstat 30 controlled by a PC running GPES v.4.9 for 
Windows. The electrochemical cell used was an EG & G PARC micro cell fitted with 
an argon feed for the bubbler and purge inlets. 
Argon bubbler feed 
Counter Electrode 
\ 
T~7~~::::~ence Electrode 
Argon purge 
Figure 2.6 Typical cell arrangement for cyclic voltammetry measurements 
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The working electrodes were EG & G P ARC millielectrodes, with a 2 mm diameter 
electrode surface, counter and pseudo-reference electrodes were platinum wire. 
The solvent, CH2Ch, was deoxygenated by through bubbling of argon prior to taking 
measurements, and blanketed with argon during the scans. 
The supporting electrolyte tetrabutylammonium tetrafluoroborate was synthesised 
from aqueous fluoroboric acid and tetrabutylammonium bromide and recrystallised 
from ethyl acetate and cyclohexane, until a CV showed no impurities. 
Tetrabutylammonium hexafluorophosphate (98 %) from Aldrich Chemical Company 
was used as received. 
All potentials are given vs the ferrocene/ferrocenium couple as recommended by 
IUPAC, by addition of ferrocene as an internal standard. 18 Where the 
ferrocene/ferrocenium couple would have obscured the peaks of interest 
decamethylferrocene was used as the internal standard, the decamethylferrocene/ 
decamethylferrocenium couple occurring at E0 -0.48 V in CH2Ch vs Fe/Fe+. 
2.2.2 Spectroelectrochemistry 
The in situ UV -visible spectroscopic technique widely utilised in this research is a 
. transmission technique. It is the simplest and most widely employed approach to 
obtaining the UV-Vis spectra of an electrogenerated species in solution. The 
technique involves passing the probe light beam directly through a solution of the 
analyte in close proximity to the working electrode. 19-22 This allows any change in the 
intensity of absorbed light on oxidation/reduction to be measured directly. One of the 
methods adopted for this procedure is to have an electrode that is optically 
transparent, three approaches to achieving this have been developed: Metal minigrids, 
coating a thin layer of a semiconductor or metal onto glass or use of a reticulated 
vitreous carbon working electrode. Reticulated vitreous carbon is a sponge like fonn 
of glassy carbon, the transmittance of a 0.12 cm thick slice being -24%. Use of a thin 
layer of In/Sn02 (ITO) on a glass substrate provides a transparent metallic surface, 
enabling the ITO coated glass to be used as one of the solution cell windows although 
the solubility of ITO can cause problems. 23 
35 
Chapter Two: Concepts and Techniques 
Metal minigrids are perhaps the simplest electrode to use, consisting of a fine mesh of 
any selected metal (platinum, silver or gold are commonly used) which is inserted into 
a normal short pathlength cell, with an accompanying set of reference and counter 
electrodes to produce an optically transparent thin layer electrode (OTTLE) cell.24• 25 
(Figure 2. 7) 
pseudo reference electrode 
1 mm quartz cell 
platinum mesh working 
electrode 
Figure 2. 7 A typical OTT LE 
consisting of a 1 mm path length cell, 
metal minigrid working electrode and 
wire counter and pseudo reference 
electrodes. 
The use of a small solution volume cell allows bulk electrolysis to be achieved within 
a short period of time. Thus for the oxidation, R - e-~ 0 the spectrum would be 
recorded at a potential where R was stable, then the applied potential increased 
incrementally, with a spectrum being recorded at each step after the cell current has 
dropped to zero, i.e. the system has reached electrochemical equilibrium. This 
provides sequential spectra and if R and 0 have distinct absorption bands the 
oxidation of R can be monitored by the disappearance of bands associated with R and 
the growth of bands relating to 0.23 
The OTTLE cell employed in this work consisted of a 30 x 10 x 1 mm quartz cuvette, 
containing a solution volume of ~0.3 ml in the thin layer region. The 3 electrode 
system was made up of a platinum mesh working electrode (0.06 mm wire diameter, 
82 x 82 wires per inch, 65% open area) with platinum wire (0.40 mm diameter) 
pseudo reference and counter electrodes?4 
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2.2.3 Fluorescence Spectroscopy 
Emission and excitation spectroscopy, were used to obtain further information on the 
chromophore responsible for the UV/Vis absorption spectra. The emission spectrum 
of a species is obtained by irradiation of a dilute solution of a sample with a tuneable 
source of radiation. 
.2:- ICIVR 
s 
> 
ISC 
--
11/11'-.. __ 1-
ABS .yww 
hv ICIVR ISC'NR 
-
FLUOR 
hv
1 
-<: 
t 
T 
r-
T 
hv 
~ 
n 
So =Ground state 
Sn = Singlet excited state 
T n = Triplet excited state 
ISC = Inter system crossing 
VR = Vibrational relaxation 
IC = Internal Conversion 
ABS= Absorption 
FLUOR = Fluorescence 
hv t = Fluorescence 
hv P = Phosphorescence 
Figure 2. 7 Jablonski diagram illustrating the processes that can occur on 
absorption of a photon. 
The excitation spectrum is obtained by the monitoring of the intensity of fluorescence 
at a pre-selected wavelength as a function of excitation wavelength. 
For a pure sample the excitation spectrum is normally identical to the absorption 
spectrum, any deviation is indicative of either an impure sample or, less commonly 
anomalous emission behaviour. If the spectra are observed to differ then more detailed 
studies, including the recording of total excitation-emission matrices and time 
resolved spectra, are necessary. 
2.2.4 Raman and Resonance Raman Spectroscopy 
Raman spectroscopy probes the vibrational energy levels of a sample, through 
examination of the frequencies present in the radiation scattered by the sample. A 
typical experiment involves the irradiation of the sample with a monochromatic light 
source, usually a laser, and monitoring ofthe scattered radiation. The incident photons 
interact with the electron cloud around the nucleus of the molecule, distort it, and then 
scatter. Most of the scattered light will be of the same frequency as the incident light 
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and is termed Rayleigh scattering. This is an elastic process where little or no energy 
is transferred to the analyte molecules. 
However, approximately one photon m every million is scattered inelastically, 
emerging with a different energy to that of the incident photons. This is termed 
Raman scattering and is an inherently weak effect. The difference in energy between 
the scattered and incident photons is equal to the energy required to change the 
molecule from one vibrational state to another. Energy can either be transferred from 
the photon to the molecule or from the molecule to the photon. This results in two 
series of Raman bands being observed. 
When the molecule is in the lowest vibrational energy state of the ground electronic 
state it can be excited to a virtual state of equal energy to the photon beam. The 
molecule then relaxes to an excited vibrational energy level of the ground electronic 
state. This relaxation occurs by the emission of light from the molecule and is termed 
Stokes Raman scattering. Anti-Stokes Raman scattering occurs when the molecule is 
in an excited vibrational energy level of the ground electronic state, and the photon 
beam excites it to a virtual state. The molecule then relaxes back down to the lowest 
vibrational energy level of the ground electronic state by emission of light. These 
processes are shown in figure 2.9. 
r··················· •... 
Rayleigh Stokes Anti-Stokes Stokes Anti-Stokes 
Resonance Resonance 
} Excited Vibronic States 
} Virtual States 
} 
Ground Electronic 
States 
Figure 2.9 Schematic diagram of Rayleigh, Raman, and resonance Raman scattering 
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A diffraction grating is employed to distinguish between the Rayleigh, Stokes and 
anti-Stokes radiation, with the Rayleigh radiation being removed by a notch filter, 
allowing only the Stokes and anti-Stokes radiation through to the detector. 
The selection rules for Raman spectroscopy state that a molecule is Raman active if 
the molecule is anisotropically polarisable. A molecule is anisotropically polarisable if 
the polarisation of the molecule induced by an electric field is dependent on the 
direction of the field. 26 
If a scattering system has an absorption band close to or coincident with the excitation 
frequency, resonance Raman results, producing a significant enhancement in the 
intensity of certain Raman bands. Resonance Raman results from the promotion of an 
electron into an excited electronic-vibrational state, accompanied by immediate 
relaxation into a vibrational level of the ground state.(Figure 2.1 0) This allows both 
electronic and vibrational information to be gained from the resulting spectrum, 
whereas Raman scattering only produces vibrational information. Resonance Raman 
provides enhancement by a factor of up to 104 over normal Raman scattering. It also 
has the advantage of being able to be used as a probe of chromophore structure since 
only the vibrational modes associated with the chromophore are enhanced. 26• 27 
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2.2.5 Electron Spin Resonance Spectroscopy 
The electronic spin of an electron can be described in terms of the selection rule S = 
~, ms = ±~, usually the two spin states ms = ±Y2, are degenerate. When the electron is 
placed in a magnetic field the degeneracy splits, and the energy levels of an electron 
spin are given by equation 2.8. 
(Equation 2. 7) 
where B is the strength of the magnetic field and llB is the Bohr magneton. The energy 
of an a electron (ms = +Y2) increases and the energy of a B electron (ms = -~) 
decreases as the field is increased. 
-% 
ms= ±% 
E = hv 
+% 
8 
The separation of the levels is given by equation 2.9 
LlE = E0 - Ef3 = 9e!Js8 = hv (Equation 2.8) 
Exposing the sample to electromagnetic radiation of frequency v, causes resonant 
absorption to occur. ESR is the study of molecules containing unpaired electrons by 
observing the magnetic fields at which they come into resonance with monochromatic 
microwave radiation, usually 9-10 GHz or X-band radiation. It is the coupling of the 
electronic spin with nuclear spins of other atoms in the molecule that provides the 
most information in an ESR spectrum, as this leads to hyperfine coupling, the splitting 
of individual resonances due to interaction of the electron with other nuclei in the 
material. This is caused by the interaction of the electronic spin with the localised 
magnetic field due to the spin orientation of the nucleus. 14Nitrogen has I = 1, so 
coupling of the electron to nitrogen gives three lines of equal intensity in the 
spectrum, because the nitrogen nucleus has three possible spin orientations, and each 
spin orientation is possessed by one third of all the radicals in the sample.28 The 
technique is very sensitive and adaptable to running at both elevated and low 
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temperatures and also to in-situ radical generation through electrochemical generation 
of oxidised or reduced samples. 
This is achieved through the use of a modified cell fitted with a three electrode 
arrangement, allowing in-situ electrochemistry, in an entirely analogous manner to 
that seen for UV/Vis spectroelectrochemistry. 
41 
Chapter Two: Concepts and Techniques 
2 
3 
4 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
References for Chapter 2 
C. Creutz, Pro g. Inorg. Chem., 1980, 30, 1. 
R. A. Marcus and N. Sutin, Biochim. Biophys. Acta, 1985, 811, 265. 
C. Creutz and H. Taube, JAm. Chem. Soc, 1969, 91, 3988. 
M. B. Robin and P. Day, Adv. Inorg. Chem. Radiochem., 1967, 10, 247. 
N. S. Hush, Coord. Chem. Rev., 1985, 64, 135. 
C. Lambert and G. Noli, JAm. Chem. Soc, 1999, 121, 8434. 
S. F. Nelsen, Chem. Eur. J, 2000, 6, 581. 
M. Holzapfel, C. Lambert, C. Selinka, and D. Stalke, J Chem. Soc., Perkin 
Trans. 2, 2002, 1553. 
S. F. Nelsen, H. Q. Tran, and M. A. Nagy, J. Am. Chem. Soc, 1998, 120,298. 
B. S. Brunschwig, C. Creutz, and N. Sutin, Chem. Soc. Rev., 2002, 31, 168. 
V. Coropceanu, M. Malagoli, J. M. Andre, and J. L. Bredas, J. Chem. Phys., 
2001, 115, 10409. 
C. Lambert and G. Noli, Angew. Chem. Jnt. Ed, 1998, 37, 2107. 
C. Lambe1t and G. Noli, J Chem. sac., Perkin Trans. 2, 2002, 2039. 
V. Coropceanu, M. Malagoli, J. M. Andre, and J. L. Bredas, J. Am. Chem. Sac, 
2002, 124, 10519. 
S. F. Nelsen and H. Q. Tran, J Phys. Chem. A, 1999, 103, 8139. 
C. M. A. Brett and A. M. 0. Brett, 'Eletrochemistry: Principles, Methods and 
Applications', Oxford University Press, 1994. 
A. J. Bond and L. R. Faulkner, 'Electrochemical Methods', Wiley, 1980. 
N. G. Connelly and W. E. Geiger, Chem. Rev., 1996,96, 877. 
F. Hartl, H. Luyten, H. A. Nieuwenhuis, and G. C. Schoemaker, Appl. 
Spectrosc., 1994, 48, 1522. 
R. W. Murray, W. R. Heineman, and G. W. O'Dom, Anal. Chem., 1967, 39, 
1666. 
J.-S. Yu, C. Yang, and H.-Q. Fang, Anal. Chim. Acta, 2000, 420, 45. 
L. Kavan, L. Dunsch, and H. Kataura, Chem. Phys. Lett., 2002, 361, 79. 
P.A. Christensen and A. Hamnett, 'Techniques and Mechanisms in 
Electrochemistry', Blackie Academic & Professional, 1994. 
C. M. Duff and G. A. Heath,Inorg. Chem., 1991,30,2528. 
A. Neudeck and L. Kress, J Electroanal. Chem., 1997, 437, 141. 
D. A. Long, 'Raman Spectroscopy', McGraw-Hill International Book 
Company, 1977. 
J. T. Hupp and R. D. Williams, Ace. Chem. Res., 2001, 34, 808. 
P. W. Atkins, 'Physical Chemistry', OUP, 1995. 
42 
Chapter Three 
Triarylamines and Tetra Aryl Biphenyl Diamines 
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3.1 Introduction 
Many hole transporting materials are oligo or polymeric compounds based on a 
triarylamine moiety. 1-9 In order to understand the properties of these materials, it is 
beneficial to first consider the behaviour of the isolated fragment. The electrochemical 
response of a wide range of substituted triarylamines have been studied in 
considerable detail, and in general terms NAr3 species undergo a chemically 
reversible one electron oxidation. The radical cations of these materials have found 
application as mild oxidising agents, as through the careful selection of substituents, 
materials with a range of oxidation potentials are accessible. (Table 3.1) 
Table 3.1 
V w 
2 H H 
3 Br Br 
4 H H 
5 H H 
6 1-1 H 
7 I-1 H 
8 Br Br 
9 I-1 H 
10 Br Br 
11 H H 
12 1-1 H 
13 I-1 I-1 
14 1-1 H 
15 J-1 H 
16 1-1 J-1 
17 H H 
18 H H 
w-)i 
z-Q-N V 
-X Q 
y 
X y 
H Br 
Br Br 
H COCl-13 
H NOz 
1-1 CN 
I-1 Br 
Br Br 
H Br 
Br Br 
H NOz 
H Si(Cl-13)3 
I-1 COCF3 
COOI-I Br 
COOCl-13 Br 
COOCHz Br 
(4-N02)Ph 
H CF3 
H CzFs 
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z Eo 
vs Fe/Fe+ 
Br 0.67 
Br 1.09 
COCl-13 0.85 
NOz 1.15 
CN 1.03 
COCF3 0.8 
COCF3 1.2 
C(CF3)=CI-12 0.63 
C(CF3)=CHz 1.07 
Br 0.99 
Si(CI-13)3 0.43 
COCF3 1.03 
Br 0.76 
Br 0.77 
Br 0.74 
CF3 0.95 
CzFs 0.99 
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Stable radical cations are formed on oxidation only if all para positions are blocked 
by substituents. The anodic oxidation of triphenylamine is followed by a chemical 
reaction to form a tetraarylbiphenyldiamine. 10• 11 (Scheme 3.1) For example oxidation 
of triphenylamine (TPA) affords the chemically reactive monocation radical, TPA +. 
The cation rapidly dimerizes through a para position of one of the aryl rings to form 
N,N, N',N', tetraphenyl-1, 1 '-biphenyl-4,4'-diamine (19). This is accompanied by the 
loss of two protons per dim er, but it has not been ascertained if the proton loss occurs 
before or after coupling. 
-e 
Ph, ,Ph 
6 ... 
2 
Ph~H \+ 
N- ' p~ -
Ph -o-o- Ph \ I 
N N +2H+ PI \ J \ J \h 
19 
Scheme 3.1 The reaction of triphenylamine radical cation to form 19 
The reaction product, 19, is more easily oxidised than the TPA and undergoes further 
oxidation to the dication at the applied potential. Reduction of the dication reveals two 
successive one electron waves, indicating that the oxidation and reduction occur in 
discrete steps. 
There have been a very small number of structural studies of triarylamines, and 
selected bond lengths and angles are summarised in table 3.2. 12-14 
R= H 20 
R= F 21 
R= I 22 
R= Me 23 
In each case the nitrogen atom displays essentially trigonal planar geometry, with the 
three aryl rings displaying a propeller like geometry about the nitrogen centre. An 
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interesting point to note is that one of the rings is usually twisted at a greater angle 
than the others, 44-60° compared to 33-46°. The C-N bond lengths and twist angles of 
the rings are correlated, with the larger twist angle producing decreased overlap 
between the aromatic 1t system and the nitrogen lone pair resulting in a longer bond 
length. 13, 14 
Table 3.2 Crystallographic and calculated structural parameters 
Crystallographic data N-C Bond length (A) Ring twist angle 
2314 1.413, 1.414, 34.8° ,30.9°, 
1.431 59.7" 
20 13 1.408, 1.419, 37.0°, 46.0°, 
1.427 50.5° 
2112 1.411, 1.417, 32°, 32°, 
1.431 59° 
2212 33°, 43°, 44° 
Computational results 
20 15 1.42 41T 
20+115 1.41 38.9° 
20 16 1.433 41.3° 
20+1 16 1.427 39.0° 
2316 1.433 41.6° 
23+1 16 1.426 38.6° 
The molecular structures of both the neutral and cationic states of an amine with 
appended biphenyls, tri(p-biphenylyl)amine have been reported. 17' 18 (Figure 3.1) 
F 
N 
c E 
A 
8 
Figure 3.1 Molecular structure of tri(p-biphenylyl)amine 
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The central triphenylamine moiety has a propeller-like structure about the nitrogen, 
with torsion angles of 45.r for ring A, 56.8° for ring C and 35.4° for ring E similar 
values as seen for discrete triphenylamines. The biphenyl units however are twisted 
around the inter-ring C-C bonds, ring F is rotated clockwise 39.8° against the inner 
phenyl ring E, rings B and D are twisted counter clockwise by 27.0° and 40.1 o 
respectively against inner rings A and C. 
The radical cation, as the perchlorate salt, also describes a propeller-like geometry 
around the nitrogen, with angles of 43.SO, 45.3° and 26.5°, showing an average 
reduction of 8°. The twist angles in the biphenyls are 14.5°, 23.0° and 36.4° with 
associated bond lengths of 1.481, 1.47 and 1.487 A. Although the dihedral angles of 
these outer rings about the nitrogen are reduced relative to the neutral, which would 
be consistent with increased delocalisation of the positive charge, this particular 
pattern of angles is considered to result from crystal packing. 
Although many derivatives of tetraarylbiphenylamines have been synthesised, solid 
state structural data is scarce, with only a single report describing the solid state 
structures of 1 and N,N' -diphenyl-N,N' -bis( 4-methylphenyl)-1, I' -biphenyl-4,4'-
diamine. These studies were determined using synchrotron based single crystal and 
powder X-ray diffraction methods, with the single-crystal data complicated by a 
degree of rotational disorder (Table 3.3). 19 
C13 
cl ~o= \ 9' C11 ,ea ~ ~ --
c12-C7 C3=C2 -o-\ I ' l-e\, j1 \ j Nb 
C) 9=C\4 Cs-Cs f ' 
C1a ,c1s ~ Q --
c17-c16 
Figure 3.2 The molecular structure of 1 
The molecular structure of 1 revealed a planar configuration at the nitrogen centres, 
with the torsion angles of the surrounding aryl rings defining a propeller like 
geometry about the nitrogen centres with respect to the plane defined by the 3 N-C 
bonds. The N-C( 4)(biphenyl) bond length is slightly shorter than the N-C(7, 14) bond 
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lengths at 1.411 A compared to 1.427 and 1.422 A. The central C-C bond length is 
1.507 A. The dihedral angle between the two rings of the biphenyl is 35.6°. There 
have been a number of structural studies on biphenyl, in the gas phase it has been 
shown to have a non-planar conformation with a dihedral angle of 40°. Solid state X-
ray diffraction studies however have repeatedly found a planar structure with a central 
C-C bond of 1.496 A. This bond length has been taken as an indication of an absence 
of conjugation between the rings. 20"22 
In light of the scarcity of experimental structural data it is not surprising that there 
have been few attempts at an experimental study relating structural aspects to the 
electronic properties ofthis important class ofmaterials.23 
In contrast there have been a number of theoretical studies on the effects of oxidation 
on the both the electronic and molecular structure of the molecule. In terms of a 
Marcus theory-type approach, the energy necessary to reorganise the molecule from 
the preferred geometry of the neutral to the preferred energy of the radical cation can 
be estimated as the sum of A1 and A2, where A1 is the difference between vertical and 
adiabatic ionisation energies of a neutral amine and A2 is that between vertical and 
adiabatic electron affinities of the cation radical.(Figure 3.3) 24• 25 
+1 
Neutral 
lop 
Neutral 
geometry 
+1 geometry 
Figure 3.3 
lop Ionization potential 
Ea Electron affinity 
A1 Reorganisation energy 
of +1 
Az Reorganisation energy 
of neutral species 
As the mechanism of hole transport through these materials is regarded as being 
through a hopping mechanism, charge moving from one molecule to another,26• 27 if 
the reorganisation energy related to formation of the radical cation can be reduced, 
then the energy of hole transport will also be reduced, leading to more effective hole 
transport. 
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Treating the data chronologically, one of the earliest computational studies on the 
geometry of 1 and its derivatives, investigated the single nitrogen centre molecules, 
aniline, N,N-dimethyl-aniline, diphenylamine, N-methyl-diphenylamine and 
triphenylamine, assuming that the properties of the two nitrogen centre molecule 
would be reflected in the half molecule?5 The calculations were carried out using 
semi-empirical Austin Model 1 (AMI), Hartree Fock (HF) ab initio and density 
functional theory (OFT) methods. The geometries of the neutral and radical cation 
were calculated and the results from the different methods compared. It was found 
that the OFT method gave the best agreement, with the total 'A value estimated from 
the difference between the neutral and radical geometries decreasing in the order N,N-
dimethyl-aniline> Methyl-diphenylamine> triphenylamine which agrees with the 
increasing order of reported hole mobilities of dimers of the amines (Table 3.3)?4 
Q,~ H3C'-.. _........CH3 CH3 N 0 I H 6 6 ()"l) U"D 
Triphenylamine N-methyl- Diphenylamine N,N-dimethyl- Aniline 
diphenylamine aniline 
A more comprehensive study by the same group using AM 1 methods confirmed that 
rearrangement of the aryl rings to greater dihedral angles about the nitrogen centre 
was the dominating factor?4 Both Tackley and Malagoli et al. have since used OFT to 
investigate the geometric and electronic structures of 1 as a whole molecule. 15' 16 The 
geometries of both the neutral and radical cation states were optimised, and the energy 
corresponding to the neutral and cationic configurations was then calculated for each 
of the optimised geometrical structures. This provided four energy values, 
corresponding to the neutral species in the neutral geometry, the cation in the neutral 
geometry, the neutral species in the cation geometry and the cation in the cation 
geometry. From these energies the lp and reorganisation energies can be estimated, 
(Table 3.3) as described in figure 3.2. All calculations were carried out using OFT 
with the B3LYP functional28 and either the 6-31 G or 6-31G** basis set. The major 
differences reported between the neutral and radical cation species are found in the 
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biphenyl unit, the central C-C bond is shortened and the dihedral angle between the 
two rings is decreased. 
In a combined experimental and theoretical study on the electronic structure of TPD 
and its derivatives through the use of gas-phase ultraviolet photoelectron spectroscopy 
with theoretical calculations a wide range of fluoride and methoxy substituted TPDs 
were investigated. 23 The neutral geometries were optimised using the semi-empirical 
Hartree-Fock AMI method. On the basis of the structural data, the energy of the 
lowest transition was calculated by means of the semi-empirical intermediate neglect 
of differential overlap (INDO) Hamiltonian combined to a single configuration 
interaction scheme (SCI). The calculated gas-phase ionisation potential agreed with 
the experimental data with the calculated HOMO levels localised mostly on the 
biphenyl core, with the largest weights on the nitrogen atoms and the carbon on the 
biphenyl moiety bonded to the nitrogen atoms. It was observed that different 
confom1ers caused slight variation of the calculated ionisation energies, typically less 
than 50me V on 180° rotation of the NAr2 group around the N-C bond. This change in 
conformation did not effect the HOMO energy. 
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A detailed study of the effect of different conformations of 1 was carried out by 
Bn!das et al. who considered the six conformers illustrated in figure 3.4?9 
Q- - Q N-D-0-N q p Q- - Q N-D-0-N 0 p 
Q- - Q N-D-0-N q b-
Q- - 9 N-D-0-N 0 b-
Q- - Q N-D-0-N 
---0 b-
-Q- - Q N-D-0-N 
M n V L/_ 
Figure 3.4 The 6 conformers of 1 considered by Bredas et al. 
It was found that the DFT total energies of these six conformers differed by less than 
0.42 kJ/mol. This indicates that all six conformers are equally likely to be present in 
an amorphous film. The main geometric parameters were found to be nearly identical, 
as was the value of the Ip, this was related to the HOMO mostly being localised on the 
central N-biphenyi-N moiety and thus being insensitive to ring twists on the 
periphery. A recent time dependent DFT study on TPD derivatives including 
N,N,N ',N '-tetra( 4-methoxyphenyl)-1, I' -biphenyl-4,4 '-diamine (24) carried out 
geometry optimisations using DFT with the B3L YP functional, on the neutral, radical 
ground state and radical first excited state geometry,30 these were used as part of a 
study to understand the charge transfer absorption bands present in the electronic 
spectra ofTPD radical cations. 
51 
Chapter Three: Triarylamines and Tetra A1yl Biphenyl Diamines 
TABLE 3.3 Calculated molecular structure and electronic parameters for a selection of arylamines 
Method Material N-C C(1 )-C(1#) Biphenyl twist N-C torsion angle Reorganisation lp (eV) 
(A) (A) energ_y_(eV) 
HFAM1 23 1.413 
Sakanoue25 MOHF 23 1.417 
OFT 23 1.423 
AM1MO 1 1.412 1.459 38° 0.132 
Sakanoue24 AM1MO 1 1.388 1.439 26° 
OFT 1 1.42 1.48 33.8° 42.3°, 40.6°, 0.29 5.73 
Malagoli15 1 .42biohenvl 42.0°biphenyl 
OFT 1 1.43, 1.46 23.0° 47.6°, 49.3°, 
1.39biohenvl 25.8\iohenvl 
OFT 1 1.435 1.486 32.7" 42.6°, 0.16 5.22 
Tackle/ 6 1 .430biphenyl 39.5\iphenyl 
OFT f •. 1 .407 biphenyl 1.469 23.1° 44.0°, 
30.1 ° biohenvl 
HFAM1 38-39° 30-40° 8.07 
Cornil23 INOO 6.74 
OFTB3 Cis 1 1 .4 1 8 biphenyl 1.481 34.9° 43.1° 4.68 
LYP 6-
31G* 
OFTB3 Trans 1 1 .419bipheny! 1.481 34.9° 42.4° 4.68 
LYP 6-
31G* 
OFT 83 24 1.413biphenyl 1.480 36° 48°, 
Coropceanu30 LYP 6 32° biohenvl 
31** 24+" 1.393 biphenyl 1.459 25° 48°, 
27° biohenvl 
24+" * 1 .426 biphenyl 1.487 39° 38°, 
4 7o biohenvl 
1 1.427,1.422 1.507 35.6° 56.8°' 49.8°' 6.69 
Experimental data 19 1 .4 11 biohen 1 46.0°biohenvl 
N,N -diphenyi-N, N'-bis( 4-
-44.5" 54.6°, 47.0°, 
Experimental data 19 methylphenyl)-1,1' -biphenyl- 18.5\iphenyl 4,4'-diamine 
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3.2 Results and Discussion 
In order to conduct an experimental study of the electrochemical properties of 
tetraarylbiphenylamines and tris(4-methylphenyl)amine, compound 23 was purchased 
from Aldrich chemical company, (2,4-dimethylphenyl)diphenylamine, compound 25 
was synthesised by a palladium catalysed coupling reaction and compounds 1 and 26 
were supplied by A vecia. Compound 26 differs from 1 by virtue of the methyl groups 
ortho and para to the amine centres on two of the four peripheral ring systems which 
were introduced to improve the solubility and reduce the crystallinity of the product. 
The ortho groups were expected to have some impact on the overall geometry of the 
compound in both the neutral and oxidised forms, particularly with respect to the 
orientation adopted by the substituted rings. 
23 Tris(4-methylphenyl)amine 
1 
N,N'diphenyi-N,N'-bis(3-methylphenyl)-1, 1 '-
biphenyl-4,4'-diamine 
25 (2,4-dimethylphenyl)diphenylamine 
26 
N,N'diphenyi-N,N'-bis(2,4-
dimethylphenyl)-1, 1 '-biphenyl-4,4'-
diamine 
Cyclic voltammetry (CV) studies of 23 revealed a reversible oxidation wave as 
reported for similar compounds in the literature.(Table 3.4) 10 Room temperature UV-
Vis-NIR spectroelectrochemical studies of the oxidation of 23 revealed a set of 7t-7t* 
bands in the electronic spectrum, which shift to lower energy upon the oxidation from 
the neutral material (23 304 nm/20,810 mor1dm3cm-1), through to the cation (23+. 
348, 359, 370, 585, 674 nm/ 23,270 mor1dm3cm-1 ). (Figure 3.5). 
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Figure 3.5 UV-Vis-NIR spectroelectrochemistryof 23 during sequential 
oxidation to 23 +l· The arrows indicate the bands which grow and decay during 
the electrolysis. A. (nm)/e (mor1dm3cm-1) 23 304/20,81 0; 23+· 67 4/23,270. 
Cyclic voltammetry of 1 and 26 revealed two, reversible one electron waves 
associated with the formation of the cation radicals [1(, [26( and dications [1]2+, 
[26]2+ (Table 3.4). The first oxidation of the his-methylated compound 26 was 
thermodynamically more favourable than in the case of 1, possibly due to the 
inductive effect of the methyl groups in the ortho and para positions. The second 
oxidation potentials were essentially the same. The potential difference between these 
two redox processes allows an estimate of the thermodynamic stability of the radical 
cation, 26+., with respect to disproportionation to 26 and 262+ at ambient temperature 
(1 Kc = 4,300, 26 Kc = 20,500). For similar systems, Kc values of similar magnitude 
are common, and suggest that the radical cations may be suitable targets for 
preparative studies? 1 
Table 3.4. Half-wave Potential (E112 vs Fe/Fe+) and the difference between First and Second 
Redox Process (!'.E) for 1, 26 and 24 from Cyclic Voltammetry. 
E112 (V) E 11~(V) t.E (V) Kc 
23 181 0.347 - - -
1 [8j 0.292 0.507 0.215 4,300 
26 181 0.250 0.505 0.255 20,500 
24[UJ 0.085 0.305 0.220 5,250 
[a] 0.1 M NBu4BF JCH2CI2 at 200 mV/s. 
[b] 0.1 M NBu4PFs/CH 2CI 2 at 250 mV/s (from reference [31]) 
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Chemical oxidation of l with one equivalent of SbCls in CH2Ch resulted in the 
immediate formation of a dark orange solution of the radical cation, although it has 
not yet been possible to isolate crystalline material from this solution. Oxidation of 26 
produced a similarly coloured solution, from which dichroic, needle-like crystals of 
[26]SbC16 with a metallic lustre were obtained following addition of hexane. The 
electronic spectrum of material isolated in this way was essentially identical to that 
observed spectroelectrochemically for the radical cation, with only minor deviations 
in band shape and energy of the NIR band arising from ion-pairing effects with the 
supporting electrolyte. 
Given the interest in molecular conformation of species such as 26 and 26+. single 
crystal X-ray diffraction studies of 26 and [26]SbC16 were undertaken, using crystals 
grown from CH2C]z/hexane mixtures (Table 3.5). For the neutral molecule 26, a 
planar conformation is found at the nitrogen centres, with N-C(7, 13) bond lengths of 
1.417(5) and 1.443(5) A to the peripheral phenyl groups, with the longer N-C distance 
being associated with the 2,4-dimethyl substituted ring. The N-C(4)(biphcnyl) bond 
length is 1.415(5) A. The central C(1)-C(1 ')bond in the biphenyl moiety is 1.484(7) 
A, and the bond lengths within the rings of the biphenyl group range between 
1.385(5)-1.408(6) A. There are no unusual C-C bond lengths within the peripheral 
phenyl groups. The torsion angles are summarised in table 3.5, and define the 
propeller like geometry about the nitrogen centres with respect to the plane defined by 
the three N-C bonds. The ortho methyl groups are found in a trans-type configuration, 
and reside on the same side of the biphenyl moiety. The twist angles between the 
biphenyl rings is 37.16 ° [C(2)-C(l)-C(l ')-C(6')]. 
When compared to the orientation of the unsubstituted ring [C(4)-N(l)-C(7)-C(8)-
34.2(6) 0 ], the methyl substituted ring [C(13)-C(18)] is rotated out of the NC3 plane 
[C(14)-C(l3)-N(l)-C(4) -67.9 °], no doubt due to the steric effect of the C(l9) methyl 
group. The decreased overlap between the aromatic n system and the nitrogen lone 
pair which results is responsible for the increased N-C(l3) bond length noted above. 
With the exception of these steric constraints, the structure is very similar to the 
optimised geometry of 1 obtained using DFT methods. 
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Figure 3.6 Molecular Structure of 26 
A Table 3.5. Selected bond lengths (, \), bond and torsion angles (0 ) for 1 1 . 26 '26. [a] + [b] [c] + [c] 
' 1 1+, 26 
N(1)-C(4) 1.42 1.39 1.415(5) 
N(1 )-C(7) 1.42 1.43 1.417(5) 
N(1)-C{13) 1.433(5) 
C(1)-C(1') 1.48 1.46 1.484(7) 
C(1 )-C(2) 1.41 1.42 1.408(6) 
C(2)-C(3) 1.39 1.38 1.388(5) 
C(3)-C(4) 1.40 1.42 1.399(6) 
C(4)-C(5) 1.397(6) 
C(5)-C(6) 1.385(5) 
C(4)-N(1)-C(7) 120 120 122.3(3) 
C(4)-N(1)-C(13) 120 120 119.2(3) 
C(7)-N(1)-C(13) 120 120 118.1(3) 
C(2)-C(1 )-C(1 ')-C(6') 33.8 23.0 37.1(3) 
C(7)-N( 1 )-C( 4 )-C(3) 42.0 25.8 -37.0(6) 
C(13)-N(1 )-C(4 )-C(3) 150.5(4) 
C(4 )-N(1 )-C(7)-C(8) 40.6 47.6 -34.2(6) 
C(13)-N(1 )-C(7)-C(8) 138.3(4) 
C(4 )-N( 1 )-C( 13)-C(14) 42.3 49.3 -66.0(5) 
C(7)-N(1 )-C( 13)-C(14) 121.2(4) 
[a) Molecular structure data from Kennedy et al. 19 
[b) OFT optimised structural parameters from Malagoli and Bredas 15 
[c) This work 
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1.391 (8) 
1.420(8) 
1.445(9) 
1.458{12) 
1.419(9) 
1.386(9) 
1.392(9) 
1.409(9) 
1.366(8) 
122.3(5) 
119.5(5) 
118.1(5) 
3.83 
166.3(7) 
-16.5(9) 
-54.7(10) 
128.1(8) 
110.7(8) 
-71.9(9) 
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In the crystal of 26 (Figure 3 .8), a layered structure is found, with the layers running 
perpendicular to the b-axis. The molecules of each layer are out of register with those 
in the layer immediately above and below, giving an ABA motif. When viewed along 
the b-axis, the molecules form column-like stacks, with the adjacent stacks 
interdigitated to accommodate the para methyl groups. The disordered solvent 
molecules are found in the channels formed between these columns. 
Figure 3. 7 The molecular packing in the crystal of 26 viewed down the b-
axis. The disordered solvent molecules have been omitted for clarity. 
The radical cation 26+. (Figure 3.7, Table 3.5) also displays a planar geometry about 
the nitrogen centres, and N-C(7, 13) bond lengths to the peripheral aryl ring systems 
are similar to those found in 26 [1.420(8), 1.445(9) A]. The substituted ring is 
disordered over two sites (66/34 occupancy), which are related by a 180° rotation of 
the substituted ring systems around the N(l )-C(l3) bond. In contrast to the structure 
of26, these methyl groups are now found on opposite sides ofthe biphenyl plane. The 
biphenyl group has rotated into a position closer to the NC3 plane [C(3)-C(4)-N(l)-
C(13) -16.5(9rJ, and the twist angle between the biphenyl ring systems [C(6)-C(l)-
C(l')-C(2')] has decreased to only 3.83°. The N-C(4)(biphenyt) bond length [1.391(4) A] 
is significantly shorter than the N-C(7, 13) bonds in either structure. However, the 
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C(l)-C(l ') bond length [1.46(1) A] in 26+. is equivalent, within error, to that in 26. 
While not strictly of statistical significance, it is still worth noting that the C(2)-C(3) 
[1.386(9) A] and C(5)-C(6) [1.366(8) A] fall at the shorter end of the range of C-C 
bond lengths in the biphenyl bridge [ 1.366(8) - 1.419(9) A]. Electronic structure 
calculations indicate that the HOMO in species such as 26+. is delocalised over the N-
C6H4-C6H4-N moiety. [IZJ Consequently, the bond lengths in 26 and 26+. are not 
expected to be particularly sensitive to the oxidation state of the compound, as the 
fraction of electronic charge lost upon oxidation will be divided over all the atoms in 
the biphenyldiamine moiety. Nevertheless, the net result of oxidation is a marginal 
decrease in the N ... N separation from 9.98 A in 26 to 9.88 A in the radical cation 
26+ .. When the structure of the radical cation 26+. is compared with that of the neutral 
molecule 26, using the C4-C7 -C 13 plane as a point of reference, the greatest changes 
to the structure are associated with the relative orientation of the C(7)-C( 12) aryl ring 
and the biphenyl moiety. These geometric changes observed between 26 and 26+. are 
largely in agreement with those predicted using high-level (6-31 G**-B3LYP-DFT) 
calculations (Table 3.5). 
C20 
Fig 3.8 Molecular structure of [26]SbCI6 
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In the crystal, layers of radical cations are found arranged perpendicular to the a-axis, 
in a herringbone motif (Figure 3.9). Between these layers, the SbCk anions and 
molecules of CH2Cb are found forming a second layer. The crystal structure can 
therefore be regarded as alternating layers of opposite charges, which is similar to the 
structural motifs found in many conducting organic materials. Within the solvent and 
anion layer, the anions form chains aligned with the c-axis by symmetry constraints, 
with an inter-anion Cl. .. Cl distance of 3.20 I (5) A, which is 0.3 A less than twice the 
Van der Waals radius of Cl. In addition to the electrostatic interactions between the 
layers of opposite charge, there is a close contact between H(2) and Cl(S) from the 
SbC16- anion (H2 ... CIS 2.76 A, C3-H3-Cl5 145.6 °). 
Figure 3.9 The molecular packing in the crystal of [26]SbCI6 showing the layered 
structure. The disordered solvent has been omitted for clarity 
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In order to assess the kinetic stability of these compounds, and to follow the oxidation 
events in situ, room temperature UV-Vis-NIR spectroelectrochemical studies were 
undertaken. The observation of sharp isosbestic points during the electrolytic cycle A 
~ A +. ~ A 2+ ~ A+. ~ A, and recovery of the original spectra of A at the end of the 
cycle confirm both the chemically reversible nature of the redox system in CH2Ch 
and the chemically distinct nature of each member of the redox series (Figure 3.1 0). 
1.8 
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" J 1 1.4 
" 1.2 . 
.., 1 :1 1 
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Figure 3.10 UV-Vis-NIR spectroelectrochemistry of 26 during sequential oxidation to 26+. 
(left) and 262+ (right). The arrows indicate the bands which grow and decay during the 
electrolysis. A.(nm)/E (mor1dm3cm-1) 26 302/24,279, 350/35,300 26+. 4 77/28,015, 1335/30,680; 
262+ 750/56,590. 
For each compound, a set of n-n* bands are observed in the electronic spectrum, 
which shift to lower energy upon the oxidation from the neutral material (1 310, 3 53 
nm, 26 305, 350 nm), through the radical cations (1+. 484; 26+. 476 nm) to the 
dications (12+ 730; 262+ 749 nm). The spectra of the neutral and dicationic materials 
are comparable with the spectra of neutral and cationic 23. The monocationic forms of 
1 and 26 show a very different spectrum, with a unique band in the NIR region (1 
1400; 26 1347 nm) which is analysed in more detail below. Molecular modelling (see 
below) suggests that of the two bands observed in the spectrum of the neutral species, 
the one at higher energy involves a greater proportion of orbitals with n* character on 
the peripheral aromatic rings, while the lower energy transition involves more 
biphenyl n* character. The neutral spectrum of 25 was recorded to investigate the 
effects of the methyl substitution, and displayed only a single absorption band at 297 
nm. In the case of the dications, the n-n* transition is similar in energy and band 
shape to that observed for oxidised triaryl (mono )amines [NAr3t", and indicates that 
12+ and 262+ can be approximately described in terms of two localised triaryl cations. 
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However, 262+ is ESR silent at room temperature, presumably due to strong 
antiferromagnetic coupling. (See Chapter 7) 
It is useful to consider the electronic transitions in terms of the orbitals involved, 
which in turn are best displayed graphically. Time dependant OFT methods (TDDFT) 
as contained within the Gaussian 98 package were employed to model the transitions 
in each of1°+, 26n+ and the parent compound 19°\n = 0, I), and the results displayed 
graphically using Molekel, as described in the experimental section.32 Geometry 
optimisations for both the neutral and radical cation states were carried out, and the 
results found to be in excellent agreement with the available crystallographically 
determined data. Analysis of the electronic transitions using TDDFT methods gave 
essentially identical results for each compound, which are summarised in table 3.6, 
and the agreement between calculated transition energies and the experimentally 
observed results (0.06eV) are remarkably good. 
Table 3.6 Observed and calculated electronic transitions 
Amax 
Observed Calculated 
nm eV nm eV 
1 310 3.9995 305, 306 4.0588, 4.0508 
353 3.5123 358 3.4604 
1 . 484 2.5616 426 2.9105 
1400 0.8856 1423 0.8709 
26 305 4.0651 304 4.0792 
350 3.5424 353 3.5041 
26. 476 2.6047 
1347 0.9205 
19 308 3.8332 304 4.0179 
349 3.5823 357 3.4682 
19 482 2.5724 424 2.9210 
1368 0.8399 1417 0.8744 
The critical orbitals involved in the major transitions are illustrated here for 1 (Fig 
3.11), 1+'(Figure 3.12) and 26 (Figure 3.13). Those of19 and 19+. are similar, and are 
included in the supporting CD. The lowest energy absorption band in the neutral 
species arises from the HOMO-LUMO transition (illustrated by the transition between 
orbitals 137 - 138). The HOMO contains appreciable character from the amine 
nitrogen centres, the biphenyl moiety and the ortho and para carbons of the peripheral 
ring systems. The LUMO is heavily centred on the biphenyl group, and may be 
approximately described as the biphenyl n* system. The higher energy UV transition 
is compromised of two almost degenerate transitions arising from HOMO -
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(LUM0+2) (orbitals 137 -140) and HOMO- (LUM0+3) (orbitals 137 - 141). These 
higher lying unoccupied orbitals display extensive aromatic n* character localised on 
the peripheral ring systems. The two transitions in the UV spectrum of the neutral 
tetraarylbenzidine moiety can therefore be satisfactorily described in terms of n-
n* biphenyl and 1t-1t* peripheral transitions. 
Figure 3.11 TDDFT representations of the electronic transitions for neutral 1, 
Orb tal 137 (HOMO) Orb1tal 138 (LUMO) 
Orbtal 140 (LUM0+2) OrbJtal 141 ILUM0+3) 
Geometry: RBPW91/6-31 G{d,p), Symmetry: C1 , TDDFT: RPBE1 PBE/6-31 G(d) 
Table 3.7: Selected TDDFT results for the neutral1 species. 
E.S. Number Energy /eV Energy /nm Oscillator Orbitals Contribution 
Strength (f) Involved 
1 3.4604 358.30 1.1297 136- 143 -0.11071 
137-138 0.67004 
136- 140 0.24073 
5 4.0508 306.07 0.1943 137- 140 0.53396 
137-141 0.22808 
137-142 0.21766 
136 - 141 -0 .25266 
6 4.0588 305.47 0.1856 137- 140 -0 .15179 
137-141 0.55349 
137- 142 -0 .22186 
Text in bold highlights the major contribution to the transition 
Upon oxidation, the n-n* bands are replaced by a new transition in the visible region. 
Not surprisingly, analysis of the TDDFT results indicated this transition to be the 
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SOMO - LUMO (a-spin) transition (orbitals 137a- 138a) while the NIR absorption 
band corresponds to the (HOM0-1) - SOMO W-spin) transition (orbitals 1361l-
137Jl) in keeping with conventional ideas. The graphical representation of these 
orbitals (Figure 3.12) clearly shows the (HOM0-1) and SOMO to be delocalised over 
the molecular framework which strongly supports the conclusions drawn from the 
band shape analysis below. 
Figure 3.12 TDDFT representations of the electronic transitions for the radical cation of 1 
Orbtta l 136p (occupted ) Orbttal1 37a (occup edl 
Orb tal138a (vu tual} 
Geometry: UBPW91/6-31G(d,p), Symmetry: C1, TDDFT: UPBE1PBE/6-31G(d) 
Table 3.8: Selected TDDFT results for the 1 radical cation . 
E.S. Number Energy /eV Energy /nm Oscillator Orbitals Contribution 
StrenQth (f) Involved 
1 0.8709 1423.66 0.6550 137a- 138a 0.18608 
136~·137(3 0.83240 
127~- 14013 -0.11896 
127~- 14513 0.11049 
128~- 13913 0.17754 
13113-13813 -0.10775 
13313 - 13813 0.12549 
12 2.9105 425.99 0.5949 13513 - 13813 -0.10439 
136~- 14313 0.20426 
137~ -138(3 0.89432 
128~ - 13913 -0.12218 
133~ - 13813 -0.13487 
135~ - 13813 0.18722 
136~ -14313 -0.12418 
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The calculated transitions for 26 reproduce the excellent agreement with the 
experimental data seen for 19 and 1, with the lowest energy absorption band in the 
neutral species arising from the HOMO-LUMO transition (illustrated by the transition 
between orbitals 145 - 146). The HOMO contains no character from the methyl 
groups on the peripheral rings, the biphenyl moiety and the ortho and para carbons of 
the peripheral ring systems again being the dominant contributors. The LUMO also 
has no character from the methyl groups. The higher energy UV transition is 
compromised of two almost degenerate transitions arising from HOMO - (LUM0+4) 
(orbitals 145 - 150) and HOMO - (LUM0+2) (orbitals 145 -148). 
Figure 3.13 TDDFT representations of the electronic transitions for neutral 26 
Orb ta. 145 (HOMO) Orb1tal 146 (LUMO) 
Orb tal 148 (LUM0+2) Ol bilal 150 (LUM0 +4) 
Geometry: RBPW91/6-31 G(d,p}, Symmetry: C2, TDDFT: RPBE1 PBE/6-31 G(d) 
Table 3.9: Selected TDDFT results for the neutral 26 species. 
E.S. Number Energy /eV Energy /nm Oscillator Orbitals Contribution 
Strength (f) Involved 
1 3.5041 353.82 1.2348 145 -146 0.66720 
144 -147 -0 .14224 
5 4.0792 303.94 0.3303 144- 149 -0.21290 
145 -148 0.45128 
145- 150 0.43759 
Formally the radical cations 1 +. and 26+. can be considered as organic mixed-valence 
compounds (Chapter 2), and the NIR absorption bands present in these species are 
related to the inter-valence charge transfer (IVCT) band described in Hush theory for 
moderately coupled (Class II) mixed-valence compounds.33 The stability of the radical 
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cation of 26+. as [26]SbC16 enabled the recording of spectra in a range of solvents 
without the complications of supporting electrolyte inherent m 
spectroelectrochemically generated data. The spectrum of 26+. in pure CH2Ch was 
obtained by titration of a CI-hCh solution of 26 with a solution of SbC15 in the same 
solvent. 
While the high energy side of the NIR band in [26]SbC16 can be fitted to a single 
Gaussian function, the band as a whole is distinctly non-Gaussian in shape, as 
expected for these strongly coupled radicals (Table 3.1 0). In the case of 26+. the band 
energy, v , and shape was remarkably independent of solvent, only shifting 
max 
appreciably from the values measured in CH2Cb in strongly polar solvents, such as 
propionitrile, where the band maximum is ea. 400 cm-1 higher in energy. 
The asymmetric band shape, and independence of the band maximum with solvent 
observed for 26+. suggests that, at least in a relatively non-polar media, these cations 
are approaching fully delocalised (Class Ill) structures. As such, the electronic 
coupling parameter Hab for 1+·; 26+. can be estimated to be 3560/3680 cm-1 in CH2Cb 
(Equation 3.1 ). 
2Hab =V 
max 
(Equation 3.1) 
Alternatively, semi-classical Marcus-Hush theory for the degenerate case may be used 
to extract the relevant parameters from the spectroscopic data. 34 In order to perform 
this analysis, a vibronic matrix (Equation 3.2) with one asymmetric mode x (the ET 
coordinate) and one totally symmetric mode y, similar to the one given by Piepho35 
and Schatz36, was constructed. 
(Equation 3.2) 
The vibronic matrix is presented here in the context of a localised electronic basis, 
where the basis functions represent diabatic (non-interacting) states in which the hole 
(or unpaired electron) is localised at one of the two redox centres. The diabatic 
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potentials are expanded as power series which are tenninated after the quadratic terms 
for the diagonal elements and after the linear terms for the off-diagonal elements. In 
this matrix, Hab is the electronic coupling parameter, "Ax and "Ay are the reorganisation 
energies for the x and y modes, respectively, lx and ly are the linear vibronic coupling 
constants. The '(dimensionless) displacement of the upper adiabatic surface and the 
ground state surface along the y mode is given by 8Qy = ly/"Ay and along the x mode it 
is 8Qx = lx12"-x· Thus, choosing lx = "Ax places the minima of the diabatic potentials at x 
= ±0.5. Furthermore a simplification is made that "Ax ="Ay= "A. Diagonalisation of the 
matrix gives two adiabatic potential energy surfaces. Using a Boltzmann distribution 
of infinitesimally spaced vibrational states and the energy difference between the two 
adiabatic potential energy surfaces the absorption spectra was calculated. As long as 
the coupling Hab is rather strong, the spectra can be accurately fitted by adjusting Hab, 
ly and "A, making no assumptions about any effective electron transfer distance. 
Fitting the experimental spectra of 1 +. and 26+. in the manner described by equation 
3.2 allows an estimate of not only the electronic coupling parameter Hab (1+. 3200 cm-
1; 26+. 3300 cm- 1), but also the reorganisation energy "A (1+. 7500 cm-1; 26+. 7800 cm-
1), and the linear coupling constant 1 (1+. 3100 cm-1; 26+. 2700 cm-1) of the symmetric 
mode (Table 3.10). These parameters are similar to those derived from the radical 
cation derived from N,N,N ',N '-tetra-4-methoxyphenyl-4,4' -diamino-1, 1 '-biphenyl 
(24) (Table 3.1 0), which has been shown to fall near the Class 11/III borderline and 
exhibits a modestly solvent dependent IVCT band.30• 37• 38 This band in the NIR region 
has been shown to contain a significant contribution from redistribution of charge 
from the peripheral aromatic rings to the benzidene core, and should therefore be 
expected to be sensitive to the solvent medium and substituent groups.30 In the case of 
24+. the internal contribution to the reorganisation energy has been evaluated from 
plots of the NIR band energy against the Dimroth-Reichardt solvent parameters. 
Extrapolation of the plot to the gas phase gives "Av 3200 cm-1 /0.397 eV, a value 
approximately half of the total reorganisation energy "A = v in O.lM NBu4PF6 
max 
CH2Cb (6360 cm- 1). Similar treatment of data from 26+. gives "Av = 6830 cm-1 /0.847 
eV, or ea. 90% of the total reorganisation energy in CH2Ch (Table 3.10). Clearly, 
direct comparisons between calculated gas phase results and experimental data must 
make allowance for the solvent environment. Also comparison of compounds 1, 26 
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and 24 are to be made with caution as the influence of the solvent medium, including 
supporting electrolyte in the case of 24, and the CH3 and OMe groups on the data are 
not entirely clear at present. 
The fit of the IVCT bands of 1 +-, 26+. and 24+. also yields the activation barrier L\Gt of 
the intramolecular ET which is ea. 50 cm-1 for all the radical cations. Together with 
the symmetrical structure of 26+. as derived from X-ray crystallography the optical 
features and the parameters derived by the IVCT band fit strongly suggest that the 
benzidine radical cations are right at the border between Class ll and Class Ill. 
Table 3.10. NIR band and derived parameters from of 1 +., [aJ 26+. [aJ and 24+. l39l at 
298K 
26. 26. 26+. 26+. 1+. 26+. 
PhBr CHCI3 PhCN EtCN CHzCiz CHzCiz 
V max (cm-1) 7363 7363 7545 7770 7120 7380 
£ (M- cm·) 22,600 30,750 23,160 16,700 37,800 24,600 
E'\ 0.209 0.259 0.333 0.401 0.309 0.309 
~ ( -1)(d] 
vtt2(high) cm 3574 3614 3650 3360 3630 3880 
~ ( -1)(e] 
vl/2(low) cm 2526 2486 2590 2490 2400 2460 
~ ( -1)(1] 
vl12(obs) cm 3050 3050 3120 2925 3015 3170 
~ ( -1)(9] 
vtt2(HTL) cm 4113 4113 4164 4225 4045 4118 
V l/2(High)/VI/2(HTL) 0.87 0.87 0.87 0.79 0.89 0.94 
V l/2(High) jv 1/2(Low) 1.41 1.45 1.41 1.35 1.51 1.57 
Hab(cm-') 3200 3300 
ll(cm' )/eV 7500/ 7800/ 
0.930 (h] 0.967 (h] 
l(cm·) 31001"1 27001" 1 
LlG"(cm· ) 501"1 501"1 
[a] As SbCI6 salt. 
[b] Spectroelectrochemically generated data from reference [8]. 
[c] Pseudo-EN T parameter calculated to allow for the effects of the supporting electrolyte used 
in the spectroelectrochemical experiment. See reference [8]. 
[d] Twice the bandwidth at half-height of the high-energy side. 
[e] Twice the bandwidth at half-height of the low-energy side. 
[f] Observed halfwidth at half-height. 
~ r.: 1/2 [g] Calculated fromv 1/2(HTL) = 47.94tV maxl 
[h] Calculated from fitted data as described in the text 
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CHzCiz/ 
NBu4PF6 
6360 
28,040 
0.3231CJ 
3750 
2590 
3170 
3820 
0.98 
1.45 
2800 
6800/ 
0.843 (h] 
2800 1"1 
601"1 
Chapter Three: Triarylamines and Tetra Aryl Biphenyl Diamines 
3.3 Experimental section 
Recrystallisation of 26 by slow diffusion of methanol into a concentrated CH2Ch 
solution afforded small block shaped crystals suitable for single crystal X -ray 
diffraction. 
Treatment of a solution of26 (101 mg, 0.18 mmol) in CH2Ch (5 ml) with a solution 
of SbCls (150 mg, 0.18 mmol) in CH2Ch (150 ml) resulted in the immediate 
formation of a dark orange solution. The solvent was removed in vacuo and the dark 
brown residue obtained re-dissolved in a minimum volume of CH2Ch, and filtered. 
The filtrate was treated with hexane (1 0 ml), and allowed to slowly evaporate to give 
red-green needle-like crystals of [26)SbCI6 with a metallic lustre which were suitable 
for X-ray diffraction. 
Cyclic voltammetry was carried out on solutions in CH2Cl2 containing 0.1M NBu4BF4 
as supporting electrolyte, and values obtained referenced against an internal ferrocene 
standard. Spectroelectrochemical studies were carried out in an OTTLE cell (1 mm 
pathlength) of standard design,40 using a 0.5 mM solution of 1 in CH2Ch containing 
0.1 M NBU4BF4 supporting electrolyte. 
The construction of the vibronic matrix and subsequent band shape analysis was 
carried out by Lambert (Wurzburg). 
All DFT calculations were carried out by Tackley and Cherryman (A vecia) using the 
Gaussian 98 program.41 For each molecule, the geometry was optimised for both the 
neutral and radical cation states at a DFT level using the BPW91 functional (Becke's 
1998 exchange functional, 28 with Perdew and Wang's 1991 gradient-corrected 
correlation functional42' 43) in conjunction with the 6-31 G( d,p) basis set.44-48 Where 
possible, molecular symmetry was used to simplify the calculations and aid in the 
interpretation of the results. Using the optimised geometries, Time-Dependant Density 
Functional Theory (TDDFT) calculations were run to solve for excited states. For 
these calculations, the PBE 1 PBE functional was used in conjunction with the 6-
31 G( d) basis set. 49-52 The TDDFT calculation was solved for 10 excited states in the 
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case of the neutral species and 20 excited states in the case of the radical cation 
species. In both cases the calculation was only solved for singlet excitations. Post-
processing for visualisation of the molecular orbitals generated by the TDDFT 
calculation was performed using the Molekel programme. 53 
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4.1 Introduction 
In order to investigate the effect of molecular conformation on the electrochemical 
response and electronic spectra of tetraarylbiphenyldiamines, a range of compounds 
with varying degrees and patterns of methyl substitution were prepared and studied 
(Table 4.1). The conformationally unrestricted parent compound N,N,N',N'-
tetra(phenyl)-(1, I' -biphenyl)-4,4' -diamine, 19, was employed as a reference material. 
To help distinguish the role of molecular conformation from the inductive effects of 
methyl substituents, N,N,N' ,N' -tetra( 4-methylphenyl)-( I, 1 '-biphenyl)-4,4' -diamine, 
27 was prepared and studied as in contrast to compounds such as 28/29, 30/31 and 
32/33 the methyl groups at positions para to the amine nitrogen centre were not 
expected to distort the molecular conformation. 
Table 4.1 
() f ' 
19 
N-o-o-N-
d b -
Q p 
27 
N-o-o-N-9 q -
Q-0--pP 
28 d~j~jb 
-
n r< 
'j -6-p---
29 P""Q -
Q0P 
30 d~J~JNb 
-
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n r-< 
''0-31 )i""t( 
Q- - p 
32 ,_~ d b 
Q- - Q 
33 
,0-q-, 9 Q 
(}~'-' 
34 0"'"''"0 {~ 
Q-JS_P 
35 p" ',f ""' 'q 
-
b B 36 N-o-o-N-f_'\ 
The use of methyl groups to influence the molecular structure of biphenyl-based 
materials and the consequences of such distortions on bulk properties has been studied 
in a wide range of contexts. For example, recent work on the incorporation of 2,2'-
dimethyl substituted biphenyls into a variety of polymer chains has shown that the 
methyl groups at the 2,2' positions force adjacent phenyl rings into a non-coplanar 
conformation with respect to each other, decreasing the intermolecular interactions 
between the polymer chains. This change in molecular structure served to markedly 
decrease the crystallinity, but increase the solubility, of the substituted polymer in 
comparison with the unrestricted parent materials. However, the rod-like structure of 
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the polymer backbone and the mechanical properties of the materials are less 
dramatically affected. 1-5 
The influence of methyl substituents on the conformation of a molecule has been the 
subject of a number of studies which have employed a variety of spectroscopic 
techniques, such as electron transmission spectroscopy.6 Despite claims by Chuang et 
al. in 1997, the molecular structure of 2,2' -dimethyl-!, l '-biphenyl-4,4' -diamine was 
first reported in 1952 by Fowweather. These crystallographically determined 
structures show that the dihedral angle between the phenyl rings in 2,2'-dimethyl-
l, I' -biphenyl-4,4' -diamine falls in the range 86-75°. 7 In the dihydrochloride salt this 
angle is decreased to 70.6° probably due to the strong ionic forces between the NH3 + 
groups and the er ions.7 In the solid state, the biphenyl portion of the 2,2'-
dimethylbiphenylene bridged dithiadiazolyl diradical (37)(Figure 4.1) has been shown 
to adopt a dihedral angle of 74°. In each case, the 2,2' methyl groups reside in a syn 
arrangement on the same side of the molecule, with those in the dithiadiazolyl being 
found disordered over two positions, and sucessfully modelled in terms of 50:50 
occupancy of each site. 
Figure 4.1 Structure of 2,2'-dimethylbiphenylene dithiadiazolyl diradical (37) 
The role of molecular conformation on intramolecular electron transfer rates between 
biphenyl bridged bis-porphyrins has been inferred from fluorescence lifetimes of 
these compounds. The somewhat surprising result that maximum electron transfer 
rates occur when the dihedral angle between the biphenyl rings was not only 0°, but 
also 90° was rationalised in terms of the nodal structure of the molecular orbitals 
involved in the porphyrin-biphenyl-porphyrin assembly. 8 Work by Maus et al. has 
studied how the rate of intramolecular electron transfer is influenced by conformation 
through investigation of a series of biphenyls exhibiting varying twist angles. The 
fluorene derivative showed very little rearrangement following the photoinduced 
charge transfer, due to the prearranged planarity.9 
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The ability to control the dihedral angle in biphenyl systems through the introduction 
of methyl substituents has been applied to manipulation of the linear and nonlinear 
optical properties of quinopyrans such as 38. 
Me Me 
-N / 0 
Me Me 
Figure 4.2 Quinopyran (38) 
The effect of conformation on the oxidation potential of a range of redox-active 
biphenyl-based compounds has also been investigated in some detail. While the 
barrier to rotation around the biphenyl C-C single bond is essentially non-existent, as 
a bridging moiety in a delocalised, mixed-valance system the tendency to adopt a 
planar structure is considerable. A theoretical study with the AMI MO method 
calculated the geometries of selected neutral amines and their radical cations and the 
reorganisation energy between the two. These calculations predicted that substituents 
at the 2,2' positions would enlarge the reorganisation energy, /... from 0.132 e V to 
0.591 eV due to the steric repulsion introduced by the methyl groups. A dihedral 
angle between the biphenyl rings of 58° was predicted for N,N,N' ,N' ,-tetraphenyl-
(2,2' -dimethyl)-(1, 1 '-biphenyl)-4,4' -diamine (28), compared to 38° in the 
unsubstituted biphenyl. 10 
The increased re-organisation energy, and increased steric repulsion encountered upon 
forcing the 2,2' -substituted biphenyl to be planar can be observed indirectly via the 
increased potentials associated with these materials. For example, despite the electron 
donating nature of the methyl groups 2,2'-dimethyl-4,4'-dimethoxybiphenyl has an 
oxidation potential 160m V more positive than the 4,4' -dimethoxybiphenyl. 11 In order 
to investigate whether these observed trends would be applicable to 
tetraarylbiphenyldiamines the 2,2 '-dimethyl substituted materials N,N,N' ,N' ,-
tetraphenyl-(2,2'-dimethyl)-(1, 1 '-biphenyl)-4,4'-diamine, 28 and N,N,N',N' ,-tetra(4-
methylphenyl)-(2,2 '-dimethyl)-( I, 1 '-biphenyl)-4,4 '-diamine, 29 were prepared as 
described below. 
Other structural modifications around the biphenyl moiety have been employed in 
these studies. The rearrangement of 3,3 ',5,5 '-tetramethylhydrazobenzene to 2,2' ,6,6-
tetramethylbenzidine 39 was reported in 1945 by Car !in, 12 and since that time a 
number of reports describing the effects of introducing a 2,2' ,6,6' tetramethyl 
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substituted biphenyl group on the physical and electronic properties of both polymeric 
and small molecule systems have been made. For example introducing a 2,2 ',6,6' 
tetramethyl substituted biphenyl into a polyimide backbone results in an increase in 
the solubility and glass transition temperature of the materials, no doubt as a result of 
disruption in the various inter-chain interactions.5• 13 
The introduction of a 2,2 ',6,6' -tetramethyl substitution pattern to the biphenyl group 
of the quinopyran 38 results in a conformationally induced localisation of the rr-
conjugated system, which in turn enforces zwitterionic behaviour. 14 More recently a 
study into the effect of dihedral angle on aromatic linked bis(hydrazine) radical 
cations showed that incorporation of a 2,2' ,6,6-tetramethylbiphenyl unit led to loss of 
the IVCT band which was observed for the biphenyl linked system. 15 It is interesting 
to note that despite this long standing interest in the use of 2,2',6,6'-tetramethyl 
biphenyl as a structural unit, the molecular structure of 39 was only recently reported 
and confirmed that the tetramethyl substitution pattern around the central C-C bond 
enforced a dihedral angle of 83° in the biphenyl moiety. 5 
The fluorene unit may be regarded as a conformationally restricted planar biphenyl 
moiety, and has been widely used in the backbone of numerous conjugated polymers 
due to the thermal and photochemical stability this group can impart. 16• 17 These 
materials have found application as fluorophores in two-photon microscopy, while 
other fluorene-based rr-conjugated polymers incorporating phenyl, biphenyl and 
thiophene units are highly emmisive materials with the precise emission wavelengths 
dependant upon the composition of the copolymer. 18' 19 Incorporation of arylamine 
units into the polymer backbone has been shown to increase the hole transporting 
properties of the polymer although the mechanism responsible for this increased 
mobility (improved interchain interactions, lower/higher T g, modified ionisation 
potentials) is not yet fully understood. 20' 21 The charge transfer through a fluorene 
bridge, has been compared to that through biphenyl and sterically hindered bridges, in 
both neutral and cationic systems. 
A study comparing the stability of aromatic cation radicals of biphenyls in various 
conformations has shown that a fluorene bridge reduces the oxidation potential of the 
radical cation, and stabilises the radical formed, relative to the biphenyl system. This 
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was ascribed to the transition state for the formation of the cation radicals requiring 
assumption of a planar conformation, thus the activation energy for the fluorene is 
greatly reduced.22 The electron transfer rate constants and Hush's coupling element 
were measured for the mixed valance system. The fluorene linked bis(hydrazine) 
radical cations showed larger intramolecular electron transfer rate constants values 
and Hush's coupling element, Hab, than the comparable biphenyl systems, 
demonstrating the greater efficacy of the planar bridge with regards to the transfer of 
charge. 15• 22 
In addition to the influence of methyl substituents at the 2 and 6 positions of the 1,1 '-
biphenyl group on the intra-ring dihedral angle, it is also possible to influence the 
conformation of the tetraarylbenzidine skeleton through the introduction of groups at 
the 3 (and 3 ') positions. A theoretical study using the AMI MO method predicted that 
the phenyl groups in the diarylamine unit would be twisted almost perpendicular to 
the biphenyl unit due to steric repulsion with the methyl group. 10 This calculated 
structure is broadly in agreement with the crystallographically determined structure of 
3,3 '-dimethyl-!, 1 '-biphenyl-4,4' -diamine, which revealed a dihedral angle between 
the two phenyl rings of the biphenyl of 41 o with a C-N bond length of 1.43 A.23 
Q 
d 
p 
0 
Figure 4.3 Molecular structure of tetraphenyl-3,3'-dimethyl-1, 1 '-biphenyl-
4,4'-diamine (32) 
Related studies by Nelson et al. on the intramolecular electron transfer rate of p-
phenylenedihydrazine radical cations (Figure 4.4) demonstrated that incorporation of 
methyl groups ortho to the nitrogen atoms destabilised the neutral species due to 
inhibition of resonance through steric conflicts with the amine moitites.24 
Figure 4.4 2,5-dimethyl-1 ,4-bis(2-tert-butyl-2,3-
diazabicyclo[2.2.2]oct-3-yl)benzene-1 ,4-diyl (40) 
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Materials containing the carbazole sub-unit have been investigated as the 
incorporation of the stmcturally rigid carbazole unit serves to increase the glass 
transition temperature of polymeric materials. 25 The material 4,4' -dicarbazole-1, 1 '-
biphenyl, 36 is used extensively as a host for dopants in light emitting diodes, 
however there is very little information available in the open literature relating to the 
structural or electronic properties of the material itself. 
As many of the literature reports of the electronic properties only describe selected 
properties, the computational chemistry group at A vecia has undertaken a 
comprehensive study of the effects of introducing substituent groups. Twenty 
molecules were studied, the neutral structures were first optimised at AMI semi-
empirical level, and the energy of the HOMO level and also the HOMOILUMO gap 
calculated. The stmcture of the radical cation was then optimised and the ionisation 
potential and reorganisation energy associated with oxidation from the neutral to 
mono cation calculated. As stmctural features are of particular interest to the present 
study, the dihedral angle of the central biphenyl and the dihedral angles between the 
peripheral phenyl rings and the N-C plane bond were measured from the optimised 
structures in both the neutral and radical cation (Table 4.2). 
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Table 4.2 Calculated elect d st 26 
- -- -- - -- - - - -
- - -- --- --- ---- --- - --- - --- -
Neutral Radical cation 
Sub. Unsub. Sub. Unsub. 
Material lP Neutral HOMO/ Reorg. Biphenyl Peripheral/ Peripheral/ Biphenyl Peripheral/ Peripheral/ 
(eV) HOMO LUMO energy twist n biphenyl n biphenyl n twist n biphenyl n biphenyl n 
(eV) Gap (eV) 
(eV) 
dl 2o -o-o-:~-~~ 7.0738 -8.111 7.4789 -0.567 39.86 6.68 9.08 29.88 3.12 3.11 
y y o-N-y-q-N-o 6.7717 -8.038 7.6884 -0.243 39.37 50.18 16.41 29.64 33.13 30.79 
y y 
o-NWN-o 6.7578 -7.884 7.9117 -0.076 77.86 34.59 34.86 70.28 41.30 38.95 
y y 
o-NO-QN-o 6.7483 -7.93 7.6026 -0.085 39.86 40.62 19.58 29.61 35.36 30.24 
y y 
o-N0N-o 6.6899 -7.917 8.6637 -0.078 89.79 34.41 34.84 89.65 39.96 40.25 
y y o-N:o--}i-N-o 6.6829 -7.811 7.791 -0.097 58.72 34.69 35.44 50.40 34.61 34.88 
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Sub. Unsub. Sub. Unsub. 
Material lP Neutral HOMO/ Reorg. Biphenyl Peripheral/ Peripheral/ Biphenyl Peripheral/ Peripheral/ 
(eV) HOMO LUMO energy twist n biphenyl n biphenyl n twist n biphenyl (0 ) biphenyl n 
(eV) Gap (eV) 
(eV) 
9r Yr-Q-N-D-0-Ny 6.673 -7.871 7.8396 -0.337 38.78 43.20 80.11 22.67 76.02 52.63 
;Q !? o-N-o-o-N-o 6.6613 -7.846 7.6729 -0.285 38.83 75.53 21.19 22.98 66.77 57.22 
!I !I 6.6532 -7.867 7.6648 -0.280 38.95 73.41 21.46 23.14 66.61 40.38 o-N-o-o-N-o 
:9 :9 6.6222 -7.737 7.4657 -0.115 38.95 35.28 35.03 26.22 35.56 35.74 o--o-o--o N'h '"N'h 
MM 6.6058 -7.784 7.6556 -0.21 38.85 71.62 39.21 22.40 75.74 47.66 o-N-o-o-N-o 
~ ;> 6.6034 -7.83 7.6475 -0.271 38.95 73.46 21.66 23.81 63.82 38.60 o-N-o-o-N-o 
Q Q 6.5977 -7.704 7.434 -0.113 38.93 34.93 35.48 26.52 34.37 35.69 o-N-o-o-N-o 
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Sub. Unsub. Sub. Unsub. 
Material lP Neutral HOMO/ Reorg. Biphenyl Peripheral/ Peripheral/ Biphenyl Peripheral/ Peripheral/ 
(eV) HOMO LUMO energy twist n biphenyl n biphenyl n twist (0 ) biphenyl (0 ) biphenyl n 
Gap (eV) 
(eV) 
q 9 6.5826 -7.672 7.2533 -0.399 0 33.81 35.83 0.13 38.17 38.35 N-cPo-N 0 ~ ~ 0 
~ 
9: 9: 6.5771 p-N--o--o-N-Q -7.711 7.4641 -0.115 38.97 34.76 35.90 26.07 46.95 45.70 
~:?: ' o- --Q--0-/~ 6.5737 -7.707 7.4631 -0.115 38.93 35.60 35.02 26.24 35.17 35.62 I N~b ~bN~b I 
:9 :9 6.5529 -7.680 7.4327 -0.115 38.88 34.07 36.43 26.41 47.03 46.26 o-N-o-o-N-o 
Q Q 6.5298 -7.650 7.4001 -0.110 38.77 35.73 34.87 27.00 35.06 34.20 
-o-N-o-o-N-o-
~~ ' -0.130 i - 6.4264 - 7.2103 0 30.04 39.46 0.12 35.70 35.65 p" ~- 1 r _~ "'Q 
-
Q Q o-Ni=>-cfN-o - - - - 40.79 40.67 19.97 - - -
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The calculations predict a number of trends within this senes of 
tetraarylbiphenyldiamines. Introducing methyl groups on the biphenyl has a marked 
effect on the ionisation potential, with disruption of the conjugation between the 
diarylamine unit and the biphenyl appearing to have a larger effect than disrupting the 
conjugation through the biphenyl unit, i.e. the second to sixth entries in table 4.2. The 
substitution at ortho positions of the peripheral rings is predicted to raise the 
ionisation potential, relative to that of 1, associated with an increase in the 
reorganisation energy. The dihedral angles of the ortho substituted rings are also 
greatly increased, relative to meta substituted rings. This suggests that the ortho 
methyl groups are having an influence due to the steric demands of a substituent at 
that position, and not just an inductive effect. The introduction of methyl substituents 
at meta and para positions appears to reduce the ionisation potential as would be 
expected due to the inductive effect, with little increase in steric demand. The 
incorporation of a fluorene unit as the central bridge is also predicted to reduce the Ip 
of the material, relative to 1, and when the fluorene bridge is combined with tetra(4-
methylphenyl) substitution the Ip is greatly reduced, although the reorganisation 
energy is higher than that for 1. This suggests that the reorganisation energy is due to 
the movement of peripheral rings, with the central biphenyl planarisation being a low 
energy process. 
The calculated data show reasonable agreement with the crystal structure obtained for 
the neutral 26, although the optimised geometry for the radical cation does not show 
such good agreement, with the planarisation of the central biphenyl being 
underestimated by 20 o and the rotation of both of the peripheral rings to a more 
orthogonal angle being underestimated. This confirms that whilst the AMI MO 
method can be useful for suggesting general trends, it is not as accurate as DFT 
methods, which show closer agreement with experimentally determined structures 
(Chapter 3). 
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The synthesis of a series of conformationally restricted systems was undertaken in 
order to study the molecular and electronic structures experimentally. Key to the 
synthetic strategy was the use of the Ullmann Condensation which is reviewed here. 
4.2 The Ullmann Condensation 
The preparation of biaryl systems from two molecules of an aromatic halide in the 
presence of copper was developed by Ullmann in 1903, and this reaction is now 
known as the Ullmann coupling.27 
RX + R'X + Cu 
The nature of the active copper species acting as the catalyst has for a long time been 
uncertain, and early literature reported varying success for differing copper sources 
with no apparent explanation. Copper sources included copper bronze 'NaturKupfer 
C' and freshly precipitated copper from treatment ofCuS04 solution with Zn. Despite 
the uncertainty over the nature of the catalytically active species, the Ullmann 
coupling has been applied to a wide range of many symmetrical and unsymmetrical 
biaryls, which would otherwise be difficult to obtain?8• 29 The coupling reaction is 
dependant on the nature of the aromatic halides used, the order of reactivity of the 
halogens being I>Br>CI, with the latter two substituents undergoing reaction only 
when activating electronegative groups are present in the ortho and para positions, 
with halides having no influence in any position around the ring. 
An extension of the C-C bond forming Ullmann Coupling, is the Ullmann 
Condensation, which is a copper catalysed C-N or C-0 bond forming reaction, 
entailing the condensation of an arylamine or phenol with an aryl halide. 
'Cu' 
Ar2NH + Ar'X + Base 
The Ullmann Condensation shares a number of characteristics with its namesake: the 
variation in reaction success with different copper sources and the need to carry out 
the reaction at temperatures between 100° and 300° being the more notable 
similarities. The trends in halide reactivity I>Br>CI holds, although the presence of 
84 
Chapter Four: Studies of the Structural Conformation 
electron withdrawing groups are not as critical. The reaction is notoriously capricious 
with side reactions such as halide reduction and homocoupling often encountered. 
Interestingly the mechanism of the Ullmann Condensation, a copper catalysed 
aromatic substitution of an unactivated aryl halide, has never been explicitly 
elucidated, 30 although the synthetic method has been utilised widely for over 90 
years. 
In 1987 a detailed study of both homogeneous and heterogeneous catalytic conditions 
employing three different oxidation states of copper greatly enhanced the 
understanding of the mechanism of reaction. 31 The study confirmed earlier 
suggestions that a cuprous nucleophile formed from coordination of the amine to the 
copper species is involved in the reaction.3° For homogeneous reactions the reaction 
rate was found to be zero order with respect to the nucleophile, but as the rate 
responded to substituents in the aromatic nucleophile ring it was concluded that the 
nucleophile must be involved in the transition state, suggesting formation of a cuprous 
nucleophilic species 'Ph2NCu' 
Fast, irreversible 
Cuprous nucleophiles are not unusual, and examples such as PhSCu and PhOCu react 
with haloaromatics to give thioethers and ethers respectively.32 
Scanning electron microscopy studies on recovered copper metal from heterogeneous 
reactions identified a coating of oxide layer Cu20, which would have to be removed 
for clean metal surface catalysis. Amines being excellent ligands for cuprous ion, 
would remove this layer however, and the amount of cuprous oxide that would be 
present in solution would be more than adequate to complete the reaction, through a 
cuprous catalysed mechanism, consistent with the observed homogeneous reaction 
rate. Confirmation of the catalytic species as solvated Cu(I) was complete, after 
demonstration of catalytic activity in solution, after removal of the solid copper metal 
catalyst. The effect of the choice of halide on reaction rate has been studied in some 
detail, the observation of reactivity trends I>Br>Cl is consistent with a rate limiting 
halide elimination step.33 So with identification of the catalytic copper species the 
current best hypothesis of the mechanism is a n-complexed organocuprate 
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intermediate. The intimate mechanistic detail is unusual in that it requires electron 
transfer to the higher energy cr* CX orbital, rather than the n* aromatic orbital. 
+ 
Phi 
Slow, K2 
4.3 Modifications to the Ullmann Condensation 
As the original conditions for the Ullmann Condensation require long reaction times 
at high temperatures, there have been a number of modifications employed to reduce 
the harshness of the conditions. Many of these modifications stem from the 
serendipitous observation made by Weingarten during a mechanistic study.30 It was 
noted that on purification of the solvent, diglyme, the reaction rate was greatly 
decreased on comparison to undistilled solvent. A diester was identified as the active 
component in the solvent. Several other esters of ethylene glycol and related glycols 
41-44 gave a similar rate- enhancement. }__ 
'o~:~)l" )l0~0y 0 &.oY 
While the study was not comprehensive, the rate increase was taken as a result of 
enhancement of the solubility of the cuprous ion, and a similar rate increase was 
reported for the copper-catalysed methanolysis of aryl bromides where the presence of 
any ester was found to eo-catalyse the methanolysis.34 The increased solubility and 
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stability of the cuprous ion catalyst was ascribed to the formation of an adduct with 
methoxide ion and an ester. 
+ MeONa 
-MeONa 
+ CuBr 
-NaBr 
OMe 
R---*o-cu+ 
OMe 
+ArBr ArOMe 
+CuBr 
+RCOOMe 
However, the production of water as a by-product, together with the large excess of 
hydroxide commonly employed prevents the direct transfer of this eo-catalyst to the 
amine Ullmann Condensation. This has led to the investigation of hydrolytically 
stable ligands known to co-ordinate Cu(I) salts to eo-catalyse Ullmann Condensation 
reactions. 35-37 Ligands studied compromised alkyl and aryl, mono and bidentate 
nitrogen containing compounds: 1, 1 0-phenanthroline ( 45), 2,2' -dipyridyl ( 46), 1,8-
bis( dimethylamino )-napthalene (47), 8-hydroxyquinoline (48), 
N,N,N',N',tetramethyl-ethylenediamine (49), pyridine (50) and racemic sparteine 
(51). 
o-o 
45 46 
0 
N 
49 50 
~ T'N~ 
OH 48 
51 
Of these, 1,1 0-phenanthroline was found to produce significant rate acceleration for 
the Ullmann Condensation, enabling use of lower reaction temperatures and shorter 
reaction times. Greater halide selectivity is also introduced by these mild conditions, 
as bromide is no longer reactive under these mild reaction conditions. This selectivity 
enables preparation of brominated triarylamines from both bromo-iodobenzenes and 
bromide containing nucleophiles. 
Whereas 1, I 0 phenanthroline is applicable for reactions utilising Cu(I) salts as the 
catalyst, for copper metal catalysed Ullmann Condensations a phase transfer catalyst 
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has been employed. The use of 18-crown-6 was found to increase yields and reduce 
reaction times, although the use of high boiling point solvents is still necessary.35 
These reactions are carried out using K2C03 as the base to remove the possibility of 
attack of the iodo- substrate by the hydroxide ion. 
While Ullmann protocols have been widely adopted, metal catalysed aromatic carbon 
nitrogen coupling reactions are not limited solely to copper, and in the last 10 years 
there have been many interesting developments in tlus area. 38· 39 In particular, Pd 
based catalysts have been rapidly developed, and general aromatic carbon-nitrogen 
bond forming reactions catalysed by palladium were realised by both the Buchwald 
and Hartwig research groups, who simultaneously published their results of reactions 
of aryl halides with the combination of an amine and either an alkoxide or silylamide 
base. 40-42 The catalytically active species was initially generated from [PdCh {P(o-
C6H4Me)3}2] or a combination of [Pd2(dbaht3-45 (dba = trans, trans-dibenzylidene-
acetone)46 and P(o-C6H4CH3)3.47 For these systems secondary amines were viable 
substrates, whereas primary amines gave substantial yields with only electron-poor 
aryl halides.48 Second generation catalysts featured chelating phosphines. Palladium 
complexes of DPPF 49 (DPPF = 1,1 '-bis( diphenylphosphino )ferrocene) 50 and BINAP 
51
· 
52 (BINAP = 2,2 '-bis(diphenylphosphino)-1, 1 '-binapthyl) catalyse aminations of 
electron-rich, electron-poor, hindered, or unhindered aryl bromides or iodides aryl 
bromides and iodides with primary alkylamines, cyclic secondary amines and 
I 
anilines. Palladium complexes with BINAP ligands provide higher yields for electron 
neutral aryl halides than with DPPF ligands, and provide a reliable route to secondary 
arylamines, whereas often the DPPF system will convert the amine to the tertiary 
amine. Although the mechanism has not been explicitly revealed, current data 
provides a reasonable mechanism which is illustrated in figure 4.5. 
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Ar'-X 
(BINAP)Pdu 
Ar'NArH 
NaOtBu 
NaX 
Figure 4.5 Catalytic cycle for the palladium catalysed coupling 
4.4 Synthesis of Target Materials by Means of the Ullmann 
Condensation 
The tetraaryldiaminobiphenyls 19 and 27 were prepared by Ullmann Condensations 
of 4-4' -diiodobiphenyl with diphenylamine and di( 4-methylphenyl)amine respectively 
by reaction in refluxing arrha-dichlorobenzene in the presence of potassium carbonate 
and copper powder. The resulting mixture of product and excess diarylamine was 
separated by chromatography. The 1H NMR spectrum for 19 displayed a doublet at 8 
7.48 ppm, JHH = 9Hz, due to hydrogens on the biphenyl, a pseudo triplet due to the 
hydrogens at the met a position of the peripheral rings at 7.16 pp m, lHH = 15Hz, two 
overlayed doublets due to the hydrogens at the ortho position of the peripheral rings 
and hydrogens on the biphenyl moiety at 7.03 ppm, J1-n-1 = 9Hz, and a triplet at 6.93 
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ppm, JHH = 14 Hz, assigned to the hydrogen at the para position of the peripheral 
rings. The 1H NMR spectrum for 27 contained a doublet at o 7.31 ppm, JHI-1 = 8 Hz 
due to one of the hydrogens on the biphenyl, and a doublet at 6.97 ppm consisting of 
resonances due to the remaining proton of the biphenyl and the hydrogens on the 
peripheral rings. A singlet due to the methyl hydrogens present on the peripheral rings 
was present at 2.2 ppm. Mass spectroscopy (El) also proved useful in the 
characterisation of these materials, with molecular ions at m/z 488 and 544 and 
fragmentation patterns consistent with loss of aryl rings, and amine sub-units being 
observed in the mass spectra. Crystals of 19 suitable for single crystal X-ray analysis 
were obtained from slow evaporation of a saturated CH2Cb solution. Selected bond 
lengths, angles and torsion angles for all molecular structures obtained are given in 
table 4.3 
The 2,2' -dimethyl-4,4' -diiodo-1, I' -biphenyl 52 was prepared by literature methods. 15• 
53 Thus the parent diamine 2,2'-dimethyl-(1,1'-biphenyl)-4,4'-diamine 
dihydrochloride was diazotised by treatment with sodium nitrite then di-iodinated 
through reaction with potassium triiodide, producing the diiodide 52 which was 
isolated as an orange solid. The 1H NMR spectrum showed a pattern of four 
resonances. At o 7.56 ppm a singlet due to the proton at the 3 position of the biphenyl. 
At 7.13 and 6. 72 pp m doublets, JHH = 8 Hz, due to the protons at the 5 and 6 positions 
and a singlet at 1.93 ppm due to the protons on the methyl groups, in agreement with 
the literature values. The molecular ion was found in the mass spectrum at mlz 434 
with a fragmentation pattern consistent with sequential loss of each iodide. 
Me Me 
i. NaN02 
ii. Kb 
Me Me 
52 
Similar Ullmann Condensation conditions to those used in the preparation of 19 and 
27 were employed for the synthesis of 28 and 29, using 52 in place of 4-4'-
diiodobiphenyl. The products were obtained as white solids after chromatography on 
silica gel. The 1H NMR spectrum for 28 showed a pattern of multiplets in the 
aromatic region at o 7.22, 7.19, 7.06, 6.93, 6.92, 6.85 ppm in the ratio 2:8:8:2:4:2, 
consistent with the expected product, with a singlet corresponding to the methyl 
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protons at 1.94 ppm. For 29 the 1H NMR spectrum contained a multiplet at 8 7.14 
ppm with two singlets at 2.32 and 1.99 ppm corresponding to the methyl groups on 
the peripheral rings and the biphenyl moiety respectively. The mass spectra of these 
compounds were also consistent with the proposed structure, with molecular ions at 
mlz 516 and 572 respectively, being observed. 
Q Me p 
N N 
d Me b 
28 
The preparation of the key intermediate 2,2',6,6'-tetramethyl-1,1 '-biphenyl-4,4'-
diamine 39 followed literature methods. 12 5-Nitro-xylene was reduced to the 
corresponding aniline by treatment with zinc in an acidic solution then azotised to 
form 3,3-5,5-tetramethyl hydrazobenzene as white needles. On treatment with acid 
this underwent the benzidine rearrangement to form buff crystals of the diamine. The 
diamine 39 was characterised by 1 H NMR with a singlet at 8 6.48, a broad resonance 
at 3.48 and a singlet at 1.82 ppm assigned to the aromatic protons, amino protons and 
methyl protons respectively. The melting point was measured and showed good 
agreement with the reported value, 166-16JC(Iit 167-168°). The molecular ion was 
identified in the mass spectrum at mlz 240 with a fragmentation pattern consistent 
with loss of the amine moieties. 
The synthesis of 53 was carried out in a manner similar to that described for 52. 15' 53 
The biphenyl diamine 39 was diazotised by treatment with sodium nitrite then di-
iodinated through reaction with potassium triiodide, producing a buff coloured solid. 
The 1H NMR spectrum contained a singlet at 8 7.40 ppm due to the aromatic protons 
and a singlet at 1. 75 ppm corresponding to the methyl protons. The molecular ion was 
identified in the mass spectrum at mlz 462 with a fragmentation pattern consistent 
with sequential loss of each iodide. 
Me Me Me Me 
ii. Kb 
Me Me Me Me 
39 53 
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The tetraaryl substituted compounds 30 and 31 were prepared by an Ullmann 
Condensation of 53 with diphenylamine and di( 4-methylphenyl)amine respectively in 
refluxing ortho-dichlorobenzene in the presence of potassium carbonate and copper 
powder. The resulting mixture of product and excess diarylamine was separated by 
fractional crystallisation from cold ethanol. The 1 H NMR spectrum for 30 showed a 
pattern of a pseudo triplet at 8 7.26 ppm Jm1 = 16 Hz, due to coupling of the meta 
proton of the peripheral aryl ring with those either side of it, a doublet at 7.12 ppm, 
JHH = 7 Hz, due to the ortho protons of the peripheral rings, a triplet at 7.00 pp m, JHH 
=7Hz, due to the para protons of the peripheral aryl rings, a singlet at 6.86 ppm due 
to the protons of the biphenyl and a singlet at 1.86 pp m corresponding to the protons 
of the methyl groups. The 1H NMR spectrum for 31 contained two doublets at 6.97 
ppm JHH =22Hz, due to the AA'BB' coupling pattern of the protons of the peripheral 
tolyl rings, a singlet at 6.73 ppm due to the protons ofthe biphenyl and two singlets at 
2.54 and 1.76 ppm corresponding to the methyl groups on the peripheral rings and the 
central biphenyl respectively. The mass spectra confirmed the molecular ions with 
masses of mlz 544 and 600 respectively with appropriate fragmentation patterns 
showing loss of aryl and amino units. 
The synthesis of 54 followed the same procedure as employed for 52. The parent 
diamine, 3,3 '-dimethyl-( 1,1 '-biphenyl)-4,4 '-diamine was diazotised and iodinated, 
producing 54 as a buff coloured powder. The 1 H NMR spectrum showed a pattern of 
four resonances, at 8 7.76 ppm a doublet, JHH = 8 Hz, due to the proton at the 5 
position of the biphenyl. At 7.33 pp m a doublet, JHH = 2 Hz, due to the proton at the 2 
position, the coupling is small as it is long range through bond w coupling to the 
proton at the 6 position. The resonance for the proton at the 6 position is at 6.97 ppm 
and is a doublet of doublets, JHH = 11 Hz. The singlet resonance for the protons on the 
methyl groups occurred at 2.41 ppm. The molecular ion was identified in the mass 
spectrum at mlz 434 with the appropriate fragmentation pattern for loss of iodide. 
NH2 
ii. Kb 
54 
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The preparations of32 and 33 were analogous to those of28 and 29, using 54 in place 
of 52. The 1H NMR spectrum for 32 showed a pattern of multiplets in the aromatic 
region at 8 7.52, 7.47, 7.26, 7.21, 7.05, 6.97 ppm in the ratio 2:2:8:2:8:4, consistent 
with the expected product, with a singlet corresponding to the methyl protons at 2.12 
ppm. The spectra were explicitly assigned through the use of correlated 20 NMR. 
Correlated 20 NMR is one of the more commonly used 20 teclmiques. These 
methods can be applied to homonuclear spin systems, in this case proton-proton, 
hereon referred to as COSY, and heteronuclear spin systems in this case proton-
carbon, known as Heteronuclear Single Quantum Correlation, (HSQC). A third 
technique was also applied to the systems of interest here, Heteroatom Multiple Bond 
Correlation (HMBC) spectroscopy. 54-56 
The basis of the correlation experiment is the process of coherence transfer of 
magnetisation between coupled spins. The experiment consists of two 90° pulses 
separated by a time period. The result of performing this experiment for the nucleus A 
of an AX spin system (A and X both protons) can be explained as follows. There are 
two distinct cases which may be considered, J(A-X) = 0 and, J{A-XJ t 0 Hz. For both 
situations the effect of the initial 90° pulse is the same, the bulk magnetization being 
flipped into the x y' plane. The second pulse is called the mixing pulse and essentially 
mixes the components of the transverse magnetization, causing coherence transfer 
between the coupled systems. When l{A-Xl = 0 Hz this second pulse has no effect on 
the information contained in the transverse magnetization and is therefore invariant to 
any time delay before the second pulse. This produces a contour in the 20 spectrum 
with the coordinates (8x, 8x): this is called a diagonal contour. When J(A-Xl t 0 Hz the 
second pulse results in coupling information being transferred between the spins of 
the X and A nuclei. The A magnetization vectors precessing at frequency Ua are 
partially transferred to Ux. The 20 COSY spectrum of the spin-coupled AX system 
therefore consists of the diagonal contours (8A, 8A), (8x, 8x) and also the off-diagonal 
contours with coordinates (8A, 8x) and (8x, 8A). These contours indicate that A is 
indeed spin coupled to X. Figure 4. 7 shows an expansion of the aromatic region of the 
COSY contour plot for 32. 
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Figure 4. 7 Expansion of the aromatic region of the COSY contour plot for 32. 
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The doublet at 7.52 ppm, Jm1 = 2 Hz, has one off diagonal contour relating to the 
doublet of doublets at 7.47 ppm, the coupling is very small however, indicating that 
the coupling is a w coupling to the proton Hb, therefore we can assign this peak to Ha. 
The doublet of doublets, at 7.47 ppm, JI-11-1 = 8 Hz has two off diagonal contours, 
relating to Ha and to the doublet at 7.21 ppm, JI-11-1 = 8 Hz, and these are the only off 
diagonal contours for that set of resonances. We can therefore relate this set of 
resonances to Hb and the resonances at 7.21 ppm are assigned to He. The triplet at 
7.26 ppm, h11-1 = 16 Hz, displays contours relating to both signals at 7.05 and 6.97 
ppm, so is assigned to He. The doublet at 7.05 ppm, JI-11-1 = 8 Hz, has off diagonal 
contours relating to He only and taking account of the integration of the peak is 
assigned to Hct. The final aromatic signal, a triplet at 6.97 ppm, JI-11-1 = 14 Hz, has an 
off-diagonal contour relating to He only, and therefore must be due to Hr. 
In contrast to the COSY experiment, which uses the 1H-1H spin-spin couplings as the 
means for the transfer of magnetisation, HSQC utilises the 1H- 13C one bond couplings 
and therefore shows directly which protons are attached to which carbons. Figure 4.8 
shows the HSQC contour plot for 32. 
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Figure 4.8 HSQC spectrum showing 13C and 1H spectra of 32 
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The HSQC spectrum is assigned in the same manner as the COSY, through the 
contours that relate the two spectra. The signal assigned to Ha at 7.52 ppm has a 
contour plot with the carbon signal at 130.21 ppm, which we can assign as C2, The 
next carbon signal at 129.75 ppm, has a contour with He, and is assigned CS. The 
signal at 129.07 ppm has a contour relating to He and is therefore due to C9. The 
signal at 125.83 ppm has a contour relating to Hb and is therefore due to C6. Of the 
two closely grouped signals in the spectrum at 121.69 and 121.51 ppm, the first is 
assigned to C8 and the second to C 10 due to the appropriate contours with Hd and Hr. 
The third technique employed, HMBC, provides information on coupling through 2, 3 
or 4 bonds, and was used to assign the signals due to the quaternary carbons. The 
signal at 147.48 ppm showed contours with Hd, He and Hr and is therefore due to C7. 
The C4 carbon would show coupling to He, Ha and Hb and would be shifted to low 
field due to the N-C bond, this is consistent with the signal at 144.65 ppm. The signal 
at 136.52 ppm displays a contour relating to He and no others and is assigned to C3. 
The remaining signal at 138.03 ppm is consistent with that expected for Cl, 
completing the assignment. 
The 1 H NMR spectrum of 33 contained a pattern of multiplets at 8 7.38, 7.19 and 6.88 
ppm in the ratio 2:4:16, relating to the aromatic protons, with two singlets at 2.22 and 
2.00 ppm in the ratio 12:6 assigned to the methyl groups on the peripheral and 
biphenyl respectively. Both 32 and 33 were also characterised by mass spectral 
analysis with molecular ions at mlz 516 and 572 respectively, being observed with 
accompanying fragmentation patterns consistent with the expected product. 
The acidic methylene protons of fluorene are known to cause complications during 
the Ullmann Condensation,57 and consequently diethyl fluorene 55 was used to 
prepare the fluorene derivatives. 17' 19 Fluorene was treated sequentially with BuLi and 
bromoethane, to yield diethylfluorene almost quantitatively. The 1H NMR spectrum 
contained a multiplet at 8 7.22 ppm assigned to the aromatic protons on fluorene, with 
the quartet and triplet resonances at 8 1.92 and 0.22 ppm characteristic of the ethyl 
groups. 
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Compound 56 was prepared by a modified literature procedure.58 Treatment of a 
solution of finely divided iodine and 55 in acetic acid, with fuming nitric acid in 
concentrated sulfuric acid yielded 56 as a yellow solid. This was characterised by the 
1H NMR which contained a series of multiplets at 8 7.49, 7.26 and 7.11 ppm in the 
ratio 2:2:2:4:6 with a quartet and triplet at 1.82 and 0.16 ppm respectively, 
corresponding to the protons on the ethyl chain. 
55 56 
Preparation of 34 and 35 from 56 followed the same coupling procedure as previously 
described for 19. The resultant products were purified by chromatography and 
recrystallisation from ethanol and CH2Cb, producing crystals suitable for X-ray 
analysis in the case of 34. The products were characterised by their 1 H NMR spectra, 
which for 34 contained a complex multiplet centred at 8 7.0 ppm assigned to the 
signals due to the aromatic protons of the fluorene and phenyl rings overlying each 
other, and a quartet at 1.72 ppm, JHH =7Hz, with a triplet at 0.29 ppm, JHH =7Hz, due 
to the ethyl chains. The molecular ion was identified in the mass spectrum at mlz 556. 
The 1H NMR spectrum for 35 also displayed a complex multiplet at 8 7.0 ppm 
corresponding to all the aromatic protons, with a singlet at 2.2 ppm assigned to the 
methyl protons. At 1. 71 ppm, was the expected quartet, JHH =8Hz and at 0.29 ppm the 
triplet, JHH = 8Hz from the protons, on the ethyl chains. The molecular ion was 
identified in the mass spectrum at mlz 612. 
The synthesis of 36 was analogous to that of 19, using carbazole in place of the 
diarylamine. The crude product was purified by recrystallisation from cold ethanol or 
CH2CI2 solutions. From a CH2Cb solution crystals suitable for X-ray analysis were 
obtained. The 1 H NMR spectrum for 36 displayed a series of multiplets arising at 8 
8.19, 7.93, 7.53, 7.47 and 7.33 ppm in the ratio 4: 4: 4: 4: 4: 4 for the aromatic 
protons. The molecular ion was identified in the mass spectrum at m/z 484 with an 
appropriate fragmentation pattern for the loss of carbazole sub-units. 
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Due to the dearth of published solid state structures for this class of compounds, 
obtaining suitable crystals for X-ray analysis was a prime objective. Here are 
presented the molecular structures recorded during this work. 
The molecular structure of 27 shows an almost planar configuration at the nitrogen 
centres, with the torsion angles of the surrounding aryl rings defining a propeller like 
geometry about the nitrogen centres with respect to the plane defined by the 3 N-C 
bonds. The N-C(4)(biphenyl) bond length is slightly shorter than the N-C(7,14) bond 
lengths at 1.41 0(1) A compared to 1.426(1) and 1.429( 1) A. The central C-C bond 
length is 1.480(2) A with bond lengths of 1.383(2)-1.405(2)A within the biphenyl. 
The dihedral angle between the two rings of the biphenyl fragment is 32.8°. 
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Figure 4.9 Molecular structure of 27 
Crystals of the tetramethyl substituted biphenyl, 30 suitable for single crystal X-ray 
analysis were obtained by slow evaporation of a saturated thf solution. The molecular 
structure exhibits a planar conformation at the nitrogen centres, with a N-C(1)(biphenyl) 
bond length of 1.42(2) A, comparable in length to the peripheral ring N-C (7, 12) 
bond lengths of 1.41 (2) and 1.42(2) A. The phenyl rings around the nitrogen centres 
define a propeller like geometry with respect to the plane defined by the 3 N-C bonds. 
The central C-C bond length is 1.5(2)A with bond lengths of 1.39(2)-l.40(2)A in the 
biphenyl with a dihedral angle of 84.98° enforced by the steric requirements of the 
four methyl groups. 
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Figure 4.10 Molecular structure of 30 
Slow diffusion of hexanes into a benzene solution of 32 produced a crystal suitable 
for X-ray analysis. The molecular structure exhibits a planar conformation at the 
nitrogen centres, the plane defined by the N-C bonds is at an angle of 66.50° to the 
plane of the adjacent phenyl ring of the biphenyl unit. This is due to the steric effect 
of the methyl group on the biphenyl. The N-C(l )(biphenyl) bond length of 1.4414(13) A 
is longer than the N-C (7, 13) bond lengths of only 1.4080(14) and 1.4215(14) A, due 
to the reduced interaction between the aromatic n system and the nitrogen lone pair. 
The phenyl rings around the nitrogen define a propeller like geometry with respect to 
the plane defined by the 3 N-C bonds. The central C-C bond length is 1.496 A with 
bond lengths of 1.3948(16)-1.4060(15) A in the biphenyl with a dihedral angle of 
10.17° between the two rings. 
C16 
C15 A ..... , C1? C19 ,_......' 
C14\' ~ C1B \::..,, C2 - ( .,.....1 
C13.N~ C4/ \~/ \J 
C7/ \ I \ /~, 
C12 ........... , ·-· ··- · .,, 
C11 / / ea CS CS \ ' ' 
' .,.,... ' . C9 
C10 
Figure 4.11 Molecular structure of 32 
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The molecular structure of the fluorene bridged 34, as with the previous diamines 
displayed a planar conformation at the nitrogen centres, with the phenyl rings defining 
a propeller like geometry about the nitrogen centre with respect to the plane defined 
by the three N-C bonds. All N-C bonds were comparable in length with a N-
C(4)cnuoreneJ bond length of 1.427(2) A and N-C(7, 13) bond lengths of 1.408(2) and 
1.425(2) A to the peripheral phenyl groups. The fluorene sub-unit is essentially planar 
with a central C-C bond of 1.481 (3) A, the bond lengths within the rings of the 
fluorene moiety range between 1.382(3)-1.519(2) A. 
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Figure 4.12 Molecular structure of 34 
In the molecular structure of 36 the carbazole unit is planar with a dihedral angle of 
46.1 (2)0 with respect to the biphenyl. The (C7-Nl-C 14) angle of I 08.11 (13)0 is 
enforced by the Cl2-Cl3 bond. The N-C(4)cbiphenyll bond length is 1.417(2)A, 
comparable with N-C(4)cbipheny11engths in diary) substituted diamines. The central C-C 
bond length is 1.489(3)A with bond lengths of 1.380(2)-1.396(2)A within the 
biphenyl. 
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Table 4.3 Selected crystallographically determined bond lengths, bond angles and torsion 
angles (Data for 26 is included for comparison) 
26 27 32 34 36 30 
Bond lengths (A) 
N1 e4 
N1 e7 1.415(5) 1.410(1) 1.4414(13) 1.427(2) 1.417(2) 1.4276(16) 
N1 e14 1.417(5) 1.426(1) 1.40a0(14) 1.40a(2) 1.407(2) 1.4109(17) 
e1 e6 1.443(5) 1.429(1) 1.4215(14) 1.425(2) 1.399(2) 1.4237(17) 
e1 e2 1.400(6) 1.405(2) 1.4039(16) 1.391 (3) 1.396(2) 1.4036(1a) 
e1 e1· 1.40a(6) 1.39a(2) 1.4060(15) 1.400(3) 1.396(2) 1.4037(1a) 
e2 e3 1.4a4(7) 1.4a0(2) 1.496(15) 1.4a1(3) 1.4a9(3) 1.500(2) 
e3 C4 1.3aa(5) 1.391 (2) 1.3990(15) 1.3a2(3) 1.3a0(2) 1.3973(1a) 
C4 e5 1.399(6) 1.397(2) 1.3994(17) 1.393(3) 1.3a6(2) 1.3902(19) 
e5 e6 1.397(6) 1.401 (2) 1.394a(16) 1.39a(3) 1.395(2) 1.3904(19) 
1.3a5(5) 1.3a3(2) 1.3959(15) 1.394(3) 1.3a1 (2) 1.3947(1a) 
Bond 
angles n 
e4 N1 e7 122.3(3) 119.52(9) 119.06(9) 121.03(15) 125.13(13) 120.10(11) 
e4 N1 e14 119.2(3) 120.03(9) 117.7a(9) 119.aa(15) 126.39(13) 117.a7(11) 
e7 N1 e14 11a.1(3) 116.51(9) 123.12(9) 11a.70(16) 10a.11(13) 120.a3(11) 
e3 e4 N1 120.6(3) 121.9(1) 119.a0(1 0) 120.01 (17) 120.aa(14) 121.27(12) 
e5 e4 N1 120.a(4) 119.7(1) 119.a4(1 0) 119.91(17) 120.30(14) 119.14(12) 
ea e1 N1 121.6(4) 119.2(1) 120.47(10) 121.00(17) 129.55(15) 121.44(12) 
e12 e7 N1 120.1(4) 121.6(1) 120.99(10) 121.22(17) 10a.76(14) 119.a7(12) 
e19e14N1 119.5(4) 120.4(1) 119.53(1 0) 120.24(1a) 109.11(14) 120.29(13) 
e15e14N1 120.7(4) 120.5(1) 121.27(10) 120.17(1a) 129.46(15) 120.33(13) 
Torsion 
angles (") 
C6 e1 e1· e6' 37.16 32.a 36.1 - -0.21 a5.0 
e7 N1 e4 e3 -37.0(6) 136.64(11)- 52.3 -43.4(3) -46.1 (2) 44.55(19) 
e14 N1 e4 e3 150.5(4) 20.27(16) 74.30 129.5(2) 126.11(16) -123.02(15) 
e4 N1 e7 ea -34.2(6) 146.32(11) 45.0 -26.4(3) -10.7(3) -144.10(14) 
e14 N1 e7 ea 13a.3(4) -55.9a -147.a 160.93(1a) - 23.1(2) 
e4 N1 e14 e15 -66.0(5) -6a.1a(14) 2a.a -46.1 (3) 7.7(2) 39.7(2) 
e7 N1 e14 e15 121.2(4) 134.24(11) 139.7 126.7(2) 173.01 (13) -127.75(15) 
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4.5 Cyclic Voltammetry and Spectroelectrochemistry 
The electrochemical response of 1 and 26 has been described in detail in Chapter 3. 
Cyclic voltammetry (CV) studies of compounds 19-36 (Table 4.4) illustrate the 
marked effect of the different substitution patterns of these materials on the oxidation 
potentials. The electrochemistry of compounds 28, 30 and 32 were complicated by the 
reactivity of the cations, and will be discussed in greater detail in Chapter 6. 
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Figure 4.13 Cyclic voltammogram of 19 
The parent material 19 undergoes two sequential, one electron oxidation processes at 
E1 12 = 0.386 and 0.638 V (vs Fe/Fe+ =0.0 V). (Figure 4.14) The introduction of four 
methyl groups, at the para positions of the peripheral rings in 27 again produced two 
reversible oxidation waves in the CV, but with the first oxidation occurring at a 
potential 0.135 V lower than the first oxidation of 19. The second oxidation occurred 
at a potential 0.084 V lower than the corresponding oxidation for 19. These results are 
due to the inductive effects of the additional methyl groups. It can also be seen that 
addition of more methyl groups stabilises the radical cation, as the comproportion 
constant for 27+. is an order of magnitude larger than that for 19. 
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The introduction of methyl groups at the 2,2 ' positions, around the central C-C bond 
was expected to greatly increase the thermodynamic barrier of formation of the 
radical cation, as it would hinder the planarisation which has been shown to occur on 
oxidation of these tetraarylbiphenyldiamines (Chapter 3). This was indeed the case, 
with the first oxidation of29, occuring at 0.442 V with the second oxidation occurring 
at a potential only 0.158 V more positive, indicating that the radical cation is 
destabilised relative to the unhindered systems. 
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Figure 4.14 Cyclic voltammogram of 29 
As a consequence of the introduction of four methyl groups at the 2,2' ,6,6' positions 
in 31, this compound displayed only one oxidation process, at E 112 0.463 V. This 
oxidation potential is markedly high, some 0.116 V more positive than oxidation of 
tri( 4-methylphenyl)amine, 23. If the two centres are totally isolated, then the 
oxidation potential would be expected to be at a similar value to that of the simple 
triarylamine. That the oxidation potential in 31 is significantly higher, suggests that 
the confinement of two positively charged centres in such close proximity is 
thermodynamically unfavourable. This suggestion is supported by inspection of the 
second oxidation potentials of 1, 19, 26 and 27 which all have second oxidation 
potentials in the range 0.505-0.638 V. 
The CV of the fluorene bridged material 34 showed two reversible oxidation waves, 
the first oxidation at a potential of 0.276 V, a much lower potential than the 
comparable biphenyl containing compound 19. The stability of the radical cation was 
also greatly increased over all the other materials, with a comproportionation constant 
an order of magnitude greater than 27. 
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The CV of 35 had a first oxidation potential 0.157 V less positive than 34, evidencing 
the inductive effect of the methyl groups on the first oxidation potential. Having seen 
that enforcing the geometry of the central biphenyl rings orthogonal to each other 
removes any delocalisation between the two nitrogen centres in 31, enforcing the 
central biphenyl in a planar geometry lowers the thermodynamic barrier to oxidation. 
The energy associated with the planarisation ofthe biphenyl is removed completely. 
Introducing methyl groups at the 3,3' position of the biphenyl introduces steric 
interactions between the arylamine moieties and the introduced methyl group. This 
has the potential to have an effect on the electrochemistry of the material if it 
significantly reduces the overlap between the biphenyl aromatic n system and the 
nitrogen lone pair. 
Figure 4.16 Steric conflict in 32 and 33 due to the 
introduction of methyl groups at the 3,3' positions 
Comparison of the N-C(4) bond lengths acquired from the molecular structures 
support this idea, with N-C(4) bond lengths of 1.410(1) A (19), 1.415(5) A (26), 
1.427(2) A (34) and 1.4276(16) A (31) compared to 1.4414(13) A for 32. 
The CVs of the two 3,3'-dimethyl substituted materials 32 and 33 showed two 
oxidation waves corresponding to formation of the cation, and dication. The 
separation ofthe two half wave potentials of33 was 0.223 V, this value is comparable 
to those obtained for compounds 1, 19 and 26. This indicates that once the radical 
cation is formed it is as stable as the cations of the unhindered systems, any 
reorganisation that occurs acts to reduce the steric conflict. This is consistent with the 
molecular structure data of 26 and 26+. that shows a rotation of the unsubstituted ring 
from an angle of -34.2(6t to -54.7(10)0 relative to the N-C plane about the nitrogen 
centre. The starting geometry of 32 has a dihedral angle of 45.0° for the ring closest to 
the methyl group at the 3 position of the biphenyl, therefore if a similar rotation 
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occurs in 32+. it will act to further reduce the steric conflict between the aryl ring and 
the methyl group. The electrochemical response of 33 appears to be different, as the 
reduced stability of the radical cation 33+. appears to run counter to the trends 
previously seen. However using the comproportionation constant, which for 33 is the 
lowest value of any material studied, and the crystal structure data it is possible to 
provide a hypothesis for the processes occurring. The diarylamine moiety in 33 is 
rotated by 52.3° relative to the adjacent phenyl ring of the biphenyl, from the 
structural data of 26+. it is known that on oxidation these molecules rearrange to 
increase the aromatic biphenyl-n nitrogen-n orbital overlap. The methyl group in the 
3,3' position will obviously prevent this, however 33 has a methyl group in each para 
position of the peripheral aryl rings, and the inductive effect of these groups is able to 
aid the stabilisation of a positive charge on the diarylamino moiety, with a smaller 
amount of delocalisation through the biphenyl. This could make the formation of the 
dication more favourable, relative to the cation, giving the low value of Kc seen for 
33. 
The electrochemical response of 36 was complicated by the apparent insolubility of 
the radical cation in the presence of common anions (BF4-, PF6} The initial scan (thf, 
O.lM TBABF4) revealed two chemically irreversible oxidation waves at peak 
potentials 1.03 and 1.50 V vs Fe/Fe+. There was no evidence of reduction processes 
associated with these oxidation steps and inspection of the working electrode revealed 
an obvious film on its surface. In CH2Ch, O.lM TBAPF6, a broad oxidation wave was 
observed at 0.95 V, upon repeated cycling the peak current associated with the 
oxidation wave at 0.95 V increased and a new oxidation wave was observed at 0.41 V 
in addition to the original oxidation wave. Further cycling led to further increase in 
the peak current and loss of definition of the two waves as they coalesced into a broad 
feature. The electronic spectrum of 36 exhibited a set of bands at 293, 317 and 340 
nm however on oxidation in an OTTLE cell, these collapsed and no other bands were 
seen to appear. Inspection of the electrode again revealed a deposition product on the 
electrode. Previous studies on 36 have commented on the complicated 
electrochemistry, but failed to provide any explanation of the processes occurring. 59 
Unfortunately due to the lack of detailed electrochemical and spectroscopic results we 
too were unable to elucidate the processes any further. 
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4.5.1 Summary of the Effects of Substituents on the 
Electrochemical Response of Tetraarylbiphenyldiamines. 
The introduction of two methyl groups at the 2,2' positions increases the 
them10dynamic barrier to formation of the radical cation and destabilises that radical 
cation to such an extent that the dication is formed at a potential only 0.150 V more 
positive. Methyl substitution at the para position of the peripheral rings reduces the 
thermodynamic barrier to formation of the cation, following the trend seen with 19 
and 27 and stabilises the cation once it has been formed. Confinement of the central 
biphenyl to a geometry of ~90° removes any delocalisation of the positive charge 
between the two nitrogen centres, producing a single oxidation wave. Enforcing a 
planar geometry on the central biphenyl in the form of a fluorene moiety reduces the 
thermodynamic barrier to fonnation of the radical cation by- 0.120 V and increases 
the stability of the radical cation relative to the biphenyl containing materials. 
Introducing a methyl group at the 3,3' position of the biphenyl disrupts the aromatic 
biphenyln system-diarylamine n system and results in a greater localisation of charge 
on the peripheral aryl rings. 
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Table 4.4 Oxidation potentials of 19-36 (in CH2CI2 vs Fe/Fe+ =0.0 V) 
Compound E112 (V) E112 (V) ~E (V) Corn proportion 
constant Kc 
Q-o-o-P 
N "' j j N d 19 b 
0.386 0.638 0.250 17,920 
q-o--o-9 0.251 0.554 0.303 133,140 p j ·q 27 -
q-Q--0-"p 0.292 0.507 0.215 4,320 
0 1 b 
q--Q--0---p 0.250 0.505 0.255 20,500 
d 26 b 
~ 0.390 0.550 0.158 550 
>=) 29 Q 
s~ 0.463 - - -9 31 Q 
<(-bxp 
N "' ~ ~ N d 32 b 0.337 0.560 0.223 5,906 
Q0P 0.347 0.466 0.119 103 >=~ 33 q 
Q~ 0.276 0.648 0.372 1,955,370 d ~ ' b 34 -
~p 0.119 9 J5 Q 0.473 0.354 970,100 g-oog 1.03 (thf) 1.50 (thf) 0.470 -
36 
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In order to assess the kinetic stability of compounds 19-36, to follow the oxidation 
event in situ, and to explore the electronic structures, room temperature UV-Vis-NIR 
spectroelectrochemical studies were undertaken . As described in Chapter 3 the 
observation of sharp isosbestic points during the electrolytic cycle A ~ A +. ~ A 2+ ~ 
A +. ~ A, and recovery of the original spectra of A at the end of the cycle would 
confirm both the chemically reversible nature of the redox system in CH2Cb and the 
chemically distinct nature of each member of the redox series. Observation of a 
different spectrum on reduction of the oxidised form at the end of the cycle is 
indicative of an electrochemical reaction occurring on the timescale of the 
spectroelectrochemical experiment that may not have been observed from CV studies. 
The electronic spectrum of 19 contained a set of 7t-7t* bands which shift to lower 
energy on oxidation from the neutral , through the radical cation to the dication, in a 
similar manner to those the closely related compounds 1 and 26 (Table 4.5)(Figure 
4.17). 
25 
1 5 i 
os 
250 750 
i 
1250 
Wnetength{nm) 
3 .. 
(a) (b) 
2.5 
0.5 
1750 2250 2250 
Figure 4.17 UV-Vis-NIR spectroelectrochemistry of 19 during sequential oxidation through 19•· 
(a) to 192• (b) . The arrows indicate the bands which grow and decay during the electrolysis . . 
A.(nm)/£ (mor1dm3cm-1) 19 351/41,764; 19·· 1367/27,350; 192• 708/749272 
Molecular modelling suggests that of the two bands observed in the spectrum of the 
neutral species, the lowest energy absorption band in the neutral species arises from 
the HOMO-LUMO transition (illustrated by the transition between orbitals 129 - 130, 
Figure 4.18). The HOMO contains appreciable character from the amine nitrogen 
centres, the biphenyl moiety and the ortho and para carbons of the peripheral ring 
systems. The LUMO is heavily centred on the biphenyl group, and may be 
approximately described as the biphenyln* system. The higher energy UV transition 
is compromised of two almost degenerate transitions arising from HOMO -
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(LUM0+4) (orbitals 129 -134) and HOMO - (LUM0+3) (orbitals 129 -133). These 
higher lying unoccupied orbitals display extensive aromatic n* character localised on 
the peripheral ring systems. The two transitions in the UV spectrum of the neutral 
tetraarylbiphenyldiamine can therefore be satisfactorily described in terms of n-
n*biphenyl and n-n* peripheral transitions in total agreement with the studies described in 
Chapter 3. 
Figure 4.18 TDDFT representations of the orbitals involved in the electronic transitions for 
neutral19 
Orb tal 129 (HOMO) Orbrta l 130 (LUMO) 
Orbtal 133 {LUM0+3) Orbrtal 134 (LUM0+4) 
Geometry: RBPW91/6-31G{d,p), Symmetry: 02, TDDFT: RPBE1PBE/6-31G{d) 
Table 4.5: Selected Data from the TDDFT Results for the neutral 19 species. 
E.S. Number Energy /eV Energy /nm Oscillator Orbitals 
Strength (f) Involved 
1 3.4682 357.48 1.1117 128- 135 
129-130 
128-132 
5 4.0719 304.48 0.2537 128- 133 
129- 134 
128- 134 
6 4.0728 304.42 0.1249 129-133 
.. {Text rn bold highlights the maJor contnbut1on to the trans1tron) 
Contribution 
0.11042 
0.66993 
-0.10212 
0.24707 
0.61596 
0.26447 
0.61175 
Upon oxidation, the changes in the spectra are similar to those seen for 1 and 26 with 
the original n-n* bands replaced by a new transition in the visible region. Analysis of 
the TDDFT results indicated this transition to again be the SOMO - LUMO (a-spin) 
transition (orbitals 129a- 130a) while the NIR absorption band corresponds to the 
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(HOM0-1) - SOMO (p-spin) transition (orbitals 128fl- 129~) in keeping with the 
ideas discussed previously in this thesis. The graphical representation of these orbitals 
(Figure 4.19) again clearly shows the (HOM0-1) and SOMO to be de localised over 
the molecular framework which strongly supports the conclusions drawn from the 
band shape analysis in Chapter 3. 
Figure 4.19 TDDFT representations of the electronic transitions for the radical cation of 19 
0 1b1ta112Bp (OCCUpied) Orb1ta l 129a (occupied) 
Orb1tal 129P iv1r tual) Orb tal 130a (wtual) 
Geometry: UBPW91/6-31G(d,p}, Symmetry: 02, TDDFT: UPBE1PBE/6-31G(d} 
Table 4.6: Selected Data from the TDDFT Results for the 19 radical cation 
E.S. Number Energy /eV Energy /nm Oscillator Orbitals Involved Contribution 
StrenQth (f) 
1 0.8744 1417.96 0.6446 129q -130a -0.18618 
128P.- 129P 0.82803 
119q- 132a -0.12400 
119q-137a -0.11753 
120q -131a 0.17411 
123q -130a 0.13992 
127q-130a -0.14253 
12 2.9210 424.45 0.5851 128a -135a -0.20446 
129a -130a 0.89512 
119~- 137[3 0.10698 
120~- 131 f3 -0 .12015 
127[3 - 130[3 0.22455 
128~ -1356 0.12623 
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Unsurprisingly the electronic spectra of27 were virtually identical to those of 19, with 
a set of n-n* bands which shift to lower energy on oxidation. The band in the NIR 
region associated with the inter-valence charge transfer is shifted to longer 
wavelength however. This can be ascribed to the inductive effect of the methyl groups 
decreasing the difference in energy between the SOMO and HOM0-1. 
SOMO 1 1 1l 
HOM0-1 1l 
19 27 
Figure 4.20 Illustration of the difference in magnitude of the SOMO/HOM0-1 
gap between 19 and 27 
The electronic spectrum of 29 displayed only a single absorption band suggesting that 
the methyl groups at the 2,2' positions had enforced a geometry that prohibited any n-
n*biphenyl transition, restricting the absorption to a n-n* phenyl transition only. In the 
absence of crystallographic data the geometry of a tetraaryl-2,2' -dimethyl-!, 1 '-
biphenyl-4,4 '-diamine was computed using DFT methods, the two rings of the 
biphenyl were predicted to be twisted at an angle of 89.7° (Figure 4.21). This 
calculated dihedral angle is somewhat larger than any of the reported crystal stucture 
data for similarly 2,2' disubstituted biphenyls in which the dihedral angle falls 
between 70 and 86°. 5' 7' 60' 61 
Figure 4.21 Geometry optimised structure of tetraaryl-2,2'-dimethyl 
biphenyldiamine (28) 
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The HOMO of this material is quite different to that seen for 19, with much less 
character coming from the biphenyl rings, and being more localised on the triaryl 
amine fragment. 
Figure 4.22 Geometry optimised structure of tetraphenyl-2,2'-
dimethyl biphenyldiamine overlaid with the calculated HOMO 
Oxidation of29 saw the coherent growth ofbands at 360, 439, 693 nrn and in the NIR 
region. Bands at 439 nrn and in the NIR assigned to the monocation by analogy with 
the previous compounds while that at 693 nrn was characteristic of oxidised 
triarylamines or dioxidised tetraaryl biphenyl diamines. Due to the small separation of 
the half waves in the CV and therefore the subsequent low value of Kc, it is 
unsurprising that electrolysis results in formation of equilibrium mixtures containing 
all three species. 
1.4 
12 
1 
0.8 
0.6 
04 
0.2 
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i 
750 1250 
Wavelength (n~ 
i 
1750 2250 
1 4 
1 2 
1 1 0.8 B 
< 
06 
0.4 
0.2 
250 
r 
750 1250 
Wavelength (nm) 
1750 2250 
Figure 4.23 UV-Vis-NIR spectroelectrochemistry of 29 during sequential oxidation to 29 +.and 
29 2+ The arrows indicate the bands which grow and decay during the electrolysis. A.(nm)/£ 
(mol-1dm3cm-1) 29 309/27; 292+ 699/16,721 
113 
Chapter Four: Studies of the Structural Conformation 
Continued oxidation saw the reduction and disappearance of the bands at 308, 439 nm 
and in the NIR region leaving only two sets of bands at 360 and 690 nm, almost 
identical to the spectrum of tri(4-methylphenyl)amine, 23. Reduction of the dication 
reproduced the spectral bands observed during the oxidation cycle on oxidation and 
after exhaustive reduction the spectrum of neutral 29 was regained. The similarity of 
the spectral profiles and band positions to those of systems such as tri(4-
methylphenyl)amine, 23 suggests that the presence of the two methyl groups at the 
2,2' positions destabilises the radical cation but do not prevent de localisation through 
the central biphenyl. 
The electronic spectrum of the more sterically restricted tetramethyl derivative 31 
displayed only a single peak, at a wavelength similar to that found for oxidised tri( 4-
methylphenyl)amine, 23 appeared, supporting the idea that orientation of the two 
rings orthogonal replicates the behaviour of two independent triarylamines within the 
one molecule. Oxidation of 31 results in the collapse of this band and the appearance 
of a lower energy band, again replicating the behaviour of 23, with no bands seen in 
the NlR region. 
2 ~----------------------------------------~ 
1.5 
1 
250 750 1250 1750 2250 
Wavelength (nm) 
Figure 4.24 UV-Vis-NIR spectroelectrochemistry of 31 during oxidation to 31 2+ 
A.{nm)h: (mor1dm3cm-1} 31 308/44,374; 31 2+ 698/77,750 
The calculated HOMO is not delocalised over the central C-C bond of the biphenyl 
moiety, but does contain character associated with both amine centres (Figure 4.24). 
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Figure 4.25 Calculated HOMO of 31 
Incorporation of methyl groups at the 3,3' positions of 33 produced a number of 
changes to the electronic spectral profile observed during oxidation. The bands 
relating to the neutral species are opposite in intensity relative to the unhindered 
biphenyl derivatives, with the higher energy band dominating the spectrum. This 
suggests that there is a larger contribution to the HOMO from the peripheral rings, 
which is consistent with decreased N(p)-biphenyl(n) conjugation inferred by the solid 
state molecular structure. 
2.5 ,---------------------------, 
2 
1.5 
250 750 1250 1750 2250 
Wavelength {nm) 
Figure 4.26 UV-Vis-NIR spectroelectrochemistry of 33 during oxidation to 
33•· The arrows indicate the bands wh ich grow and decay during the 
electrolysis. A.(nm)/£ (mor1dm3cm-1} 33 304/34,457; 33• 1600/14,215. 332+ 
830/56,625 
On oxidation to 33+. there are a number of differences from the unhindered biphenyl 
spectra evident. The growth of a band at 684 nm coincided with the growth of the 
band in the visible region, previously assigned to the SOMO-LUMO (a-spin) 
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transition. The band at 684 run is at an ahnost identical position to the band seen on 
oxidation of 23, suggesting that the hindered rotation due to the methyl group 
maintains a higher degree of HOMO character on the peripheral rings. Molecular 
modelling of the HOMO showed that the proportion of character emanating from the 
peripheral rings is much larger than in the unhindered systems, therefore the new band 
was assigned to assigned to a 1t - 1t *peripheral transition. (Figure 4.27) 
Figure 4.27 Calculated HOMO of tetraaryl-3,3'-dimethyl biphenyldiamine 
Oxidation to the dication 33+2 produced the collapse of the band due to the SOMO-
LUMO (a- spin) and the band in the NIR, and the emergence of a band in a similar 
position to those previously seen for the unhindered biphenyls.(Figure 4.28) The 
novel band at 684 run continued to grow but was rapidly incorporated as a shoulder of 
the familiar band in the visible region. 
3 ,-------------------------------------------~ 
2.5 
2 
en 
~ 1.5 l 
0.5 
0~~~~~~~~~~~~~~ 
250 750 1250 1750 2250 
Wavelength (nm) 
Fi~ure 4.28 UV-Vis-NIR spectroelectrochemistry of 33+ during oxidation to 
33 + The arrows indicate the bands which grow and decay during the 
electrolysis. A.(nm)/E (mor1dm3cm-1) 332+ 830/56,625 
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The fluorene derivatives 34 and 35 displayed a virtually identical set of spectra, with a 
set of n-n* bands in the electronic spectrum. The bands at higher energy can be 
assigned to a n-n* peripheral transition by comparison with the biphenyl derivatives. The 
band at lower energy can therefore be assigned to a n-n* fluorene transition. 
250 750 1250 
Wawlength (nm) 
1750 2250 250 750 1250 
v.Aawle~h (rm) 
1750 2250 
Fi~ure 4.29 UV-Vis-NIR spectroelectrochemistry of 35 during sequential oxidation to 
35 + The arrows indicate the bands which grow and decay during the electrolysis. 
A.(nm)/£ (mol-1dm3cm-1) 35 386/31,746; 35• 1330/26,030; 332+ 780/59,787 
Modelling of the HOMO of 34 showed that the majority of the HOMO character 
stemmed from the nitrogen centres and the fluorene moiety, with only a small 
proportion being due to the peripheral aryl rings. This is consistent with the 
assignment of the electronic spectra above.(Figure 4.30) 
Figure 4.30 Calculated HOMO of 34 
The NIR band present in the electronic spectra of 34+. and 35+. was almost identical in 
energy and bandshape to that seen for 1 and 26 indicating that the reorganisation 
energy that is removed by enforcing a planar geometry across the bridge between the 
amine centres is very low. 
117 
Chapter Four: Studies of the Structural Conformation 
Table 4. 7 Table of electronic spectra absorption band data for compounds 19-36 
Material Oxidation State Peak Position (nm)/Extinction 
Coefficient (mor dm3cm-1) 
0 303/33,137 
19 351/41,764 
+1 482/26,078 
1367/27,350 
+2 708/49,272 
0 304/29,902 
27 356/36,990 
+1 468/30,679 
1467/32,620 
+2 785/66,406 
0 309/27,204 
29 +1 439/4,255 
1863/4680 
+2 373/16,595 
699/16,721, 
31 0 308/44,374 
+2 349/28,832 
698/77,750 
0 304/34,457 
33 340/23,895 
+1 468/11,044 
684/7,228 
1900/14,215 
+2 830/56,625 
0 314/44,414 
34 381/59,574 
+1 495/37,234 
1222/30.319 
+2 669/64,627 
0 316/23,676 
35 381/33,404 
+1 483/26,685 
1330/30,319 
+2 780/65,425 
36 0 293,317, 340/15,960 
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Chapter Five: Trimeric and Oligomeric Systems 
5.1 Introduction to Trimeric and Oligomeric Triarylamine 
Derivatives 
There are a number of reports in the literature describing the synthesis of trimeric, 
tetrameric, pentameric and extended polymeric materials based around the 
triphenylamine moiety. 1-7 These materials hav~ been shown to have lower ionisation 
potentials and enhanced amorphous film forming properties when compared with the 
dimeric systems such as 1. These oligomeric materials have typically been 
synthesised by a series of Ullmann Condensation reactions and therefore require 
extended reaction times at high temperature. However detailed information regarding 
specific reaction conditions employed (e.g. solvent, reaction stoichiometry) and yields 
of the materials obtained were not reported in this earlier literature. 
Scheme 5.1 Reaction scheme of the synthesis of 58 and 5924 
4,4'-diiodobiphenyl 
... 
Cu, K2C03, 160 oc, 
40 hrs 
N,N'-diphenylbenzidine 
Cu, K2C03, 160 oc, 40 hrs 
Q N-o--o---1 d 57 
Aniline, Cu, K2C03, 
160 oc. 40 hrs 
Tanaka and Good brand have described the preparation of 58 and 59 from the 4-iodo-
1, 1 '-biphenyl-4' -diphenylamine, 57 and N,N '-diphenylbenzidine or aniline, 
respectively. The key reagent 57 was reported to be prepared in moderate yield by 
condensation of diphenylamine with excess diiodobiphenyl under standard Ullmann 
conditions?· 5 
122 
Chapter Five: Trimeric and Oligomeric Systems 
In our laboratory although we were able to prepare the initial precursor 57 through an 
Ullmann Condensation, we were unable to obtain the product of the second coupling, 
59. While a Hartwig/Buchwald style palladium catalysed C-N coupling protocol 
provided an alternative route to 57 8 these methodologies again failed to achieve the 
second coupling reaction. Clearly an alternative synthetic approach was required. 
Scheme 5.2 The reaction scheme for the palladium catalysed synthesis of 57 and 59 
QD 
N 
H 
;) Q Pd2dba3, dppf, .., .___;=\______/\_ 
ON-~ I 4-bromo-4'-iodo-biphenyl, Na01Bu, 
toluene 
>< 
123 
Q n d~~)=l f ' 
-
f ' 
ri~ 
\__) 
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5.2 Boronic Acid Formation and Palladium Catalysed Couplings 
Aryl boronic acids and esters have attracted considerable interest in recent times as 
useful intermediates that allow a wide range of synthetic transformations under mild 
conditions.9-13 For example, the Suzuki coupling, in which an organoborane is cross-
coupled with an aryl halide in the presence of a catalytic amount of a palladium (0) 
complex and base, is now one of the more useful C-C bond forming reactions 
available.9' 10' 12 Among the most important virtues of the Suzuki coupling are its 
tolerance to a wide range of functional groups and the ease of preparation of the 
precursors. 11 A wide range of palladium pre-catalysts can be used for the cross 
coupling such as Pd(PPh3)4 and Pd(OAc)2 with PPh3 which are relatively stable to air 
and readily dissociate phosphine ligands or are reduced in situ to the active Pd(O) 
complexes. While the intimate mechanism for these reactions is complex, in general 
terms they proceed via oxidative addition of the catalyst to the aryl halide, which is 
followed by a transmetallation step giving a diaryl palladium species. Reductive 
elimination then affords the desired biaryl product and regenerates the Pd(O) 
catalyst. 10 
Ar'-Ar Pd(O) 
Ar-X 
Ar'-Pd(II)-Ar Ar-Pd(II)-X 
Scheme 5.3 A general mechanism for the boronic acid cross coupling 
In our hands, the use of Suzuki coupling protocols to form key C-C bonds in the 
assembly of trimeric triarylamine derivatives from the dibromo and boronic acid 
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triarylamine derivatives proved successful (Scheme 5.4). The precursors 60 and 61 
were prepared through Ullmann Condensations of 1-bromo-4-iodobenzene with 
aniline and di(4-methylphenyl)amine then conversion of the 4-bromophenyl bis(4-
methylphenyl)amine to the corresponding boronic acid for the final Suzuki C-C bond 
forming coupling. 
_ f\ CuCI, KOH 
+2 I~Br Ill> 
Br~ rffBr 
~V 6 
1,1 0-phenanthroline, 
a-xylene 
CuCI, KOH Q --o-
----•111> N /) Br 
1,1 0-phenanthroline, ;=\ \ 
a-xylene, )---1 
61 
i, "Buli 
ii, B(OMe)3 
iii, H+ 
Q 
N-o-B(OHh p 62 
Na2C03 (aq). 
Toluene 
63 
Scheme 5.4 The reaction scheme for the synthesis of N,N-bis[4'-{di(4-methylphenyl)amine}-1, 1 '-
biphenyi]-N-phenylamine, 63 
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A modified Ullmann Condensation 5• 14' 15 employing 1,1 0-phenanthroline as a ligand, 
CuCl as the catalyst and ortho-xylene as solvent gave 60 in good yield. The product 
was purified by flash chromatography and recrystallised from MeOH until a white 
crystalline solid was obtained. The material was characterised by 1H NMR 
spectroscopy, and through comparison of HPLC retention time with an authentic 
sample. The 4-bromophenyl bis(4-methylphenyl)amine, 61, was prepared and 
characterised in the same manner as 60, utilising bis (4-methylphenyl)amine in place 
of aniline, and purified by flash chromatography and recrystallisation from MeOH. 
In tetrahydrofuran solution, 61 was lithiated through treatment with butyllithium. The 
anion was trapped with trimethylborate, 16 and hydrolysed to form the boronic acid, 
producing 62 as a pale grey powder, which was sufficiently pure to be used directly in 
the subsequent coupling step. 
A Suzuki coupling protocol was employed in the synthesis of 63 from 60 and 62. 10 
The precursors 60 and 62 were heated at reflux overnight with tetrakis 
(triphenylphosphine) palladium and sodium carbonate in a mixture of toluene and 
water, with vigorous stirring in order to mix the two phases. The organic layer was 
separated and the product purified by flash chromatography. The 1H NMR spectrum 
contained several overlapping multiplets in the aromatic region and a singlet at 2.25 
ppm in the ratio 37: 12. The 13C NMR spectrum contained I5 resonances due to the 
aromatic carbon atoms and a resonance at 2 I. I 6 ppm assigned to the carbon of the 
methyl group. The molecular ion was identified in the mass spectrum at m/z 787 with 
a fragmentation pattern consistent with loss of aryl groups. 
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The synthetic team at A vecia supplied the compounds 59, 64-66, which were prepared 
in an entirely analogous manner to that described for 63. This series was chosen to 
allow a comprehensive study of trimeric materials with both electron donating and 
electron withdrawing substituents, and varying methyl substituent patterns around 
both the peripheral and pendant aryl rings (Figure 5.1 ). The rings labelled "A" are 
referred to as peripheral aryl rings, whilst the ring labelled "B" is termed the pendant 
aryl ring 
Material 
59 
63 
64 
65 
66 
H 
Me 
F 
Me 
Me 
H H 
H Me 
H H 
Me H 
H Me 
Figure 5.1 The trimeric materials investigated in this study 
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5.3 Cyclic Voltammetry and Spectroelectrochemistry 
The electrochemical responses of the five trimeric materials 59, 63-66, were 
characterised by three reversible oxidation waves corresponding to sequential 
f01mation of the cation radical A\ dication A 2+, and trication A J+ (Table 5.1). 
The first oxidation potential of 64, substituted with electron withdrawing fluorine 
groups was approximately 30 m V more positive than that of the unsubstituted 
material. In contrast introduction of electron donating methyl substituents around the 
peripheral and pendant rings had the effect of lowering the first oxidation potential. 
The most dramatic decrease was observed for 65, with the 2,4-dimethyl substitution 
pattern on three of the rings, this material has the most methyl substituents of the 
materials here examined and therefore the low oxidation potential is unsurprising. The 
second oxidation potentials followed a similar trend. The third oxidation potentials of 
all the samples, with the exception of 63, were essentially the same. The third 
oxidation potential of 63 was some 80 m V less positive than the 2,4-dimethyl 
substituted material 65. 
In conclusion, the introduction of inductively electron withdrawing and donating 
groups increased and decreased the oxidation potentials respectively. However it is 
unclear why the third oxidation potential of 63 occurs at a potential lower than 
expected from the trends in inductive effects established by other members of the 
senes. 
The difference between successive oxidation potentials can be used to estimate the 
thermodynamic stability of the cations being formed by the first oxidation. The 2,4-
dimethyl substitution pattern of 65 clearly stabilises the dicationic state more 
effectively than any other material, although all other values are too similar to provide 
any real differentiation. 
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Table 5.1 Table of oxidation potentials of 59, 63-66 
E112 (V) E11~(V) E112(V) t..E1 (V) D.E 2(V) Kc1 Kc2 
Q 59 Q 0"~ d:::r"D 0.27 0.47 0.65 0.20 0.18 2,410 1 '100 
UN 
6 
9 63 Q 
D %)yf'()__ 0.22 0.37 0.56 0.15 0.19 340 1,630 
6 
' I ? 64 Q 0.30 0.50 0.66 0.20 0.16 2,410 510 (Y '(}(}"df·o 
6 
I 
' 
I, Q .. ~ 0.20 0.42 0.64 0.22 0.22 5,255 5,225 I)'"YI 65 Cf'/'oo. 
' '10,"_()"' l_) 
'9 
I I 
;'l 66 (', 0.26 0.46 0.63 0.20 0.17 2,410 750 y I? 
_):y"·Q... oa"·o. 
l_).N . 
.}-. 
!,) 
I 
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The kinetic stability and the electronic structures of compounds [59, 63-66t+ were 
probed using room temperature UV-Vis-NIR spectroelectrochemical studies. As 
described in Chapters 3 and 4 the observation of sharp isosbestic points during the 
electrolytic cycle A ~ A+. ~ A 2+ ~ A J+ ~ A Z+ ~ A+. ~ A, and recovery of the 
original spectra of A at the end of the cycle would confirm both the chemically 
reversible nature of the redox system in CH2Ch and the chemically distinct nature of 
each member of the redox series. The observation of a new spectral profile at the end 
of the cycle is indicative of an electrochemical reaction occurring on the 
spectroelectrochemical experiment timescale that may not have been observed from 
CV studies. 
The electronic spectrum of 66 contained a set of rr-rr* bands near 350 nm (Table 
5.2)(Figure 5.2). On oxidation these rr-rr* bands shift to lower energy in a manner 
similar to the dimeric materials. In addition to the shift in the rr-rr* band a broad 
absorption in the NIR region, with multiple bands present in the absorption envelope 
was recorded. Exhaustive oxidation to the trication resulted in the collapse of the NIR 
bands and the continued growth of the low energy rr-rr* band to a maximum m a 
manner similar to that seen for the dimeric systems (Figure 5.3). 
02 
750 1250 
Wavelength (nml 
i 
1750 
Figure 5.2 Appearance of NIR band of 66 on 
oxidation. A.(nm)/E (mor1dm3cm-1) 66 
367/70,960; 
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1.2. 
250 750 1250 
Ylmelef9h (nm) 
1750 2250 
Figure 5.3 Growth then subsequent collapse 
of NIR band of 66 on exhaustive oxidation. 
A.(nm)/E (mor1dm3cm-1) 663+ 820/84,000 
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The reduction of the fully oxidised 66 saw the collapse of the low energy n-n* band 
and the reappearance of the NIR absorption envelope, reproducing the spectra seen on 
oxidation. Continued reduction saw the collapse of the NIR envelope and the growth 
of the n-n* bands associated with the neutral 66. (Figures 5.4 and 5 .5) 
250 750 1250 1750 2250 
_, .... , 
Figure 5.4 Growth of NIR band of 66 on 
reduction 
08 1 
06 
0.4 
02 
250 750 1250 1750 2250 
_, .... , 
Figure 5.5 Collapse of NIR band of 66 on 
reduction 
The electronic spectrum of 59 initially resembled that of 66, with a set of n-n* bands 
around 340 nm which shifted to lower energy on oxidation alongside the appearance 
of a set of bands in the NIR region, which had at least two components. Exhaustive 
oxidation saw the growth of a lower energy n-n* band at 747 nm replicating the 
behaviour of 66. 
0.6 .. 
06 
0.4 
0.4 
0.2 
750 1250 1750 2250 250 750 1250 1750 2250 
-~~ _, ..... , 
Figure 5.6 UV-Vis spectroelectrochemistrr, 
on oxidation of 59. A.(cm.1)/E (mor1dm3cm· ) 
59 357/52,000 
Figure 5.7 UV-Vis spectroelectrochemistry of 
exhaustive oxidation of 59. A.(cm·1)/E (mor 
1dm3cm.1) 593+ 747/74,000 
In order to assess the stability of the oxidised species, reduction back to the neutral 
material was instigated. The reduction of [59t3 revealed a different set of spectra to 
those seen during oxidation. As the low energy n-n* band collapsed and a band in the 
NIR region began to grow in the spectra it became clear that the position of the 
dominant band in the NIR region was shifted to higher energy, and the overall shape 
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of the band was markedly different. Oxidation to the cation and dication then 
subsequent reduction did produce the original spectral profile, indicating that a 
chemical reaction is occurring in the +3 state. (Figure 5.8) 
04 
l! 
" 
02 
7fiJ 12fiJ 
Wa\/Oiongth (nmj 
17fiJ 22fiJ 
Figure 5.8 UV-Vis spectroelectrochemistry of 
reduction of fully oxidised 59 
The spectroelectrochemical responses of 64 and 65 were similar to those described for 
59. (Figures 5.9 and 5.10, Table 5.2) Both compounds displayed similar evidence of 
reaction in the tricationic state, with NIR band maxima shifting from 1819 and 1718 
nm to 1560 and 1600 nm respectively. 
15 i 1 5 
: 1 ! , 
l! 
.. 
•• 
750 1250 
Wawloength {nml 
1750 2250 250 750 1250 
Wavelength (nm) 
1750 
Figure 5.9 Comparison of the NIR band of 64 on oxidation (left) and reduction (right) 
25 
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os 
0 
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i 
1750 2250 
Figure 5.10 Comparison of the NIR band of65 on oxidation (left) and reduction (right) 
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These observations give some clues as to the underlying electronic structure of the 
trimeric materials in their various oxidation states. In the tricationic state there must 
be at least one unpaired electron. Electronic structure calculations of the dimeric 
systems suggest that a proportion of the electron density is localised at the para 
position of the peripheral rings. This leads to behaviour reminiscent of 
triphenylamine, which when oxidised undergoes a coupling reaction through the para 
position of one of the aryl rings. 17• 18 Compound 66, which carries a methyl group at 
the para position of each peripheral and pendant aryl group, is stable in this tri-
oxidised state. Compounds 64 and 65 with an unsubstituted peripheral ring are 
chemically reactive as is the "parent" material 59. The spectroelectrochemical 
response of the series can be rationalised in terms of scheme 5.5. 
Scheme 5.5, Proposed electrochemical coupling reaction of the trimeric triarylamine 
systems 
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The methyl substitution pattern of 63 only allows reaction through the para position 
of the pendant ring as all four of the para positions of the peripheral rings are 
protected. The spectroelectochemical data for 63 (Figures 5.11 and 5.12) shows no 
evidence for reaction, with identical profile NIR bands on both oxidation and 
reduction, indicating that the coupling reaction is only occurring through the para 
position ofthe peripheral rings. 
oa 
oa 
0.4 
02 
250 750 
1.2 
0.8 
1250 
Wilwlength (run) 
1750 2250 
15 
05 
250 750 1250 
Wllletength (nm) 
Figure 5.11 Comparison of the NIR band of 63 on oxidation 
" 
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04 
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Figure 5.12 Comparison of the NIR band on reduction of 63 
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Table 5.2 UV-Vis absorption band data for compounds 59, 63-66 
Material Oxidation state Peak position (nm)/Extinction 
Coefficient_imor dm3cm-1) 
0 310/41,639, 344/50,436,360/52,000 
59 +1 490, 1684/40,600 
+2 462, 718, 1819/66,000 
+3 747/74,000 
0 310/34,792, 364/55,475 
63 +1 501, 1647/41,850 
+2 487, 689, 1693/68,980 
+3 749/80,500 
0 306/37,734, 346/55,384,361/57,515 
64 +1 491' 1698/39,390 
+2 462, 718, 1819/53,940 
+3 753/72,730 
0 305/43,517, 340/59,645,367/71,210 
65 +1 495, 1710/44,240 
+2 448, 728, 1781/90,910 
+3 815/87,880 
0 310/47,030, 350/65,185, 367/70,960 
66 +1 496, 1756/48,800 
+2 477, 1843/72,000 
+3 820/84,000 
In order to compare the spectroscopic properties of the electrochemical reaction 
product of the trimers with the proposed hexameric product, samples of the 
tetrameric, hexameric and a polymeric blend of hexa-octameric chain length lengths 
were supplied by A vecia, and subjected to electrochemical and 
spectroelectrochemical study. 
~ 
N~ 10 
Material n= 
67 1 
68 2 
69 2-4 
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The electrochemical response of 67 and 68 revealed oxidation waves, with the third 
wave having a larger peak current than the first two waves suggesting a superposition 
of two I electron events. The cyclic voltammogram of 69 contained two broad 
oxidation waves (Table 5.3). 
T bl 5 3 T bl f 'd f t f I f 67 69 a e a e 0 OXI a 1on po en 1a s o 
-
E112 (V) E112(V) E112(V) L'.E1 (V) L'.E 2(V) Kc1 Kc2 
67 0.20 0.64 0.87 0.44 0.23 27,620,977 7,757 
68 0.28 0.41 0.62 0.13 0.21 157 3,560 
69 0.22 0.50 - 0.28 - 54,366 -
The electronic spectrum of 67 contained a set of n-n* bands near 340 nm on oxidation 
these n-n* bands shift to lower energy in a manner similar to the dimeric materials, 
with the associated appearance of a broad set of bands in the NIR, with at least two 
bands clearly discernable (Table 5.4)(Figure 5.13). Further oxidation again saw a shift 
of the NIR band maximum, however in this case the band shifts to higher energy. 
Exhaustive oxidation resulted in the collapse of the NIR band and associated n-n* 
band at 497 nm, and the appearance of a new lower energy n-n* band at 779 nm 
which proceeded to grow to a maximum in a manner similar to that seen for the 
dimeric systems. This is distinct from the behaviour of the trimeric materials, where 
the lowest 1t·1t* energy band appeared before the NIR band had reached its maximum 
intensity. 
0.8 
0.6 l i 
0.4 
0.2 
ol---~~~~~------~----~--~ 
750 1250 1750 2250 250 750 1250 
Wavelength (nm) Wavelength (nm) 
1 
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0.6 
.ll 
" 
0.4 
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0 
250 750 1250 1750 2250 
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Figure 5.13 UV-Vis-NIR spectroelectrochemistry of 67 during oxidation. 
The arrows indicate the bands that grow and decay during the electrolysis. 
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The electronic spectrum of 68 contained a set of 7t-7t* bands near 375 nm (Table 
5.4)(Figure 5.14) resembling closely the spectrum of 67. On oxidation these 7t-7t* 
bands shift to lower energy in a manner similar to 68 however the set of bands in the 
NIR were not as well resolved and extended to lower energy than the corresponding 
bands in the spectrum of 67. Exhaustive oxidation, as for 67, resulted in the collapse 
of the NIR band and associated 7t-7t* band at 498 nm, and the appearance of a new 
lower energy 7t-7t* band at 800 nm which proceeded to grow in a manner replicating 
the behaviour of 67. 
i 1.5 i 
~ ~ 1 
0.5 
250 750 1250 1750 2250 250 750 1250 1750 2250 
Wnelength (nm) wavelength (nm) 
Figure 5.14 UV-Vis-NIR spectroelectrochemistryof 68 during oxidation. 
The arrows indicate the bands that grow and decay during the electrolysis. 
The electronic spectrum of 69 contained a set of 7t-7t* bands at 377 nm (Table 5.4) 
and throughout the oxidation/reduction cycle, the spectra recorded closely resembled 
those seen for 68. 
Table 5.4 UV-Vis absorption band data for compounds 67-69 
Material Oxidation state Peak position (nm) 
67 0 308/40,800 
336/53,600 
373/71,200 
+n 497, 1578 
Fully oxidised 779/76,800 
68 0 308/54,400 
332/75,200 
375/112,000 
+n 498, 1640 
Fully oxidised 800/122,400 
69 0 326/48,180 
377/71,515 
+n 492, 1871 
Fully oxidised 820/73,939 
Due to the different cell geometry of the CV and OTTLE cells the applied potential in the 
OTTLE cell can not be defined against a reference, hence the intermediate oxidation state is 
undefined. 
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Comparison of the NIR band in the absorption spectrum of the product of the 
electrochemical oxidation of the trimeric triarylamine 65 with the NIR band seen on 
oxidation of the analogous hexameric triarylamine 68 shows very close agreement of 
both band shape and energy. This confirms the proposed reaction scheme of 
dimerisation of the fully oxidised trimeric materials (Scheme 5.5). 
1.2 
'0 0.8 
1l 1 06 
~ 
~ 
<( 0.4 
0.2 
250 750 1250 
Wavelength (nm) 
-Hexamer68 
- 65 after Oxidalion!Reduction 
1750 2250 
Figure 5.15 Comparison of the NIR bands of the hexameric triarlyamine 68, and the 
product of the oxiation/reduction cycle of 65 
There are a number of conclusions that can be drawn from these results. It is clear that 
materials with an even number of amine centres (n = 0, 1, 2, 3) are stable to chemical 
reaction even when fully oxidised. Materials with an odd number of amine centres are 
reactive in the + 3 oxidation state, unless the para positions of the peripheral rings are 
blocked by a non electro-active substituent. This reactivity of the para position of the 
peripheral rings indicates that there must be significant electron density at this 
location, in the tricationic state. 
The spectroelectrochemical spectra obtained on oxidation to the fully oxidised states 
also display differences, the trimeric materials display both NIR bands and low energy 
7t-7t* bands around 800 nm for the dicationic states. The even number amine centre 
materials only display low energy n-n* bands at 800 nm, after the NIR band has 
reached a maximum absorbance. 
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6.1 Introduction 
As it has been previously noted, while compounds such as 1 display hole-transport 
properties, these small molecular materials are often incorporated into multi-layer 
devices as dispersions in an inert polymer matrix in order to reduce problems 
associated with crystallisation during device fabrication or device operation. 1·3 
Alternatively, linear or star shaped oligomers, dendrimers and polymeric 
polyarylamine derivatives may be used. These relatively high molecular weight 
materials are more resistant to crystallisation than smaller molecular analogues, and 
offer improved bulk morphological properties, such as interchain interactions, yet 
typically remain sufficiently soluble for ready processing.4·9 
Polymeric polyarylamines are usually prepared from Ullmann-style coupling 
. k I I I h I'd 1· · 10-14 reactions, or mc e cata ysed amine-ary a 1 e cross coup mg reactiOns. 
Alternatively, the boronic acid coupling protocols described in Chapter 5 could be 
readily extended to the synthesis of polymeric materials. In each case metal catalyst 
residue must be removed from the product polymer before it can be employed in 
electronics based applications. The difficulties associated with purification of 
polymers prepared in the conventional chemical manner have prompted us to consider 
alternative synthetic strategies. 
The oxidative dimerisation of triphenyl amine has long been known, Dunsch et al 
have reported the polymerisation of triphenyl amine by anodic oxidation at high 
current densities in non-polar solvents. 15' 16 In addition, oxidation of a small number 
of diphenyl amines has been shown to afford oligomeric materials in low yield. More 
recently, Lambert and Noli, as well as Leung's team, 17 have demonstrated that bis-
triarylamines spanned by a variety of conjugated bridges can be electrochemically 
polymerised to give conjugated poly {tetra( aryl)benzidene} polymers whilst Stasko' s 
group have reported the anodic oxidation of two triphenylamines linked by a non-
conjugated fluorene bridge, which disrupts any conjugation between the two amine 
centres (72) (Figure 6.1 ). 18 
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Figure 6.1 Structure of 9,9'-bis(triphenylamine)flourene (72) 
6.2 Results and Discussion 
The structure of the SOMO of triphenylamine radical. cation 23+ suggests that an 
appreciable amount of the unpaired electron character in 23+ resides on the aromatic 
ring carbons para to the nitrogen centre and is clearly the underlying electronic basis 
for the observed chemical reactivity of this species. In contrast, the frontier orbital 
structures of tetra(aryl)benzidene radicals, such as 19+., are dominated by 
contributions from the benzidene core (Chapter 3). The SOMOs are extensively 
delocalised over the central portion ofthe molecule which lends significantly greater 
chemical stability to these species. This orbital description demands a relatively 
planar structure to the benzidene core in these radical cations, and indeed this is 
observed in the solid state structure of [26+]SbCk We considered that placement of 
bulky substituents at the 2 and 6 positions of the biphenyl moiety might be used to 
disrupt the biphenyl re-system and give a range of electrochemically polymerisable 
monomers suitable for the production ofpoly(tetraarylbenzidenes). 
The series of compounds 28, 30 and 32 were prepared using the methods described in 
Chapter 4. 
Q 
d 
28 R1 =Me, R2 = H, R3 = H 
30 R1 = Me, Rz = Me, R3 = H 
32R1=H. Rz=H, R3=Me 
Figure 6.2 The substitution patterns of compounds 28, 30 and 32 
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The electronic spectra of simple triarylamines, such as 23, typically feature a single 
UV 7t-1t* absorption band (Figure 6.3a). In contrast, tetra(aryl)benzidenes such as 1 
exhibit two absorption bands arising from 1t-1t* transitions which may be more 
precisely defined as transitions between the delocalised HOMO to unoccupied orbitals 
more or less localised on the biphenyl (Amax ea. 350 nm) and peripheral aryl (Amax ea. 
300 nm) groups (Chapter 4). However, in the case of28 (Figure 6.3b) and 30 (Figure 
6.3c) only a single, intense absorption band is observed. This indicates that the 
triarylamine moieties are effectively electronically decoupled due to the presence of 
the methyl groups at the bridgehead positions, which favour a molecular conformation 
that disrupts the extended biphenyl1t* system. The electronic spectrum of 32 exhibits 
two absorption bands, although the relative intensity ofthe bands is reversed from that 
seen for unhindered systems.(Figure 6.3d) This is indicative of the different electronic 
structure imposed by the methyl substituent at the 3,3' position on the biphenyl. 
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Figure 6.3 The UV-Vis absorption spectra of 23 (a), 28 (b), 30 (c), 32 (d) and 1 (e) 
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The electrochemical response of 28 and 30 were examined by cyclic and differential 
pulse voltammetry (Table 6.1 ). 
Relative to the electrochemistry of the unhindered systems explored in Chapter 3 the 
introduction of additional methyl groups at the 2 and 6 positions resulted in an 
increase in the first oxidation potential, and a decrease in the separation of the redox 
events which became a single, presumably two electron, process in 30. Therefore, 
despite the presence of the additional inductively electron donating methyl groups, the 
formation of the radical cation became thermodynamically less favourable 1 > 28 > 
30, presumably due to the greater steric strain associated with driving the biphenyl 
moiety into a planar conformation. 
The electrochemical response of 30 was complicated by the chemical instability of the 
redox product even on the CV timescale. Thus while the initial oxidative sweep 
displayed an oxidation wave at 0.90 V, when the potential was cycled between 2.0 
and -1.5 V, this wave became broader, and a new wave at 0.58 V was also detected. 
A thin film of material was clearly evident when the surface of the working electrode 
was examined and it is likely that this deposition on the electrode is leading to the 
curiously high oxidation potential by effectively increasing the cell resistance. 
Table 6.1 Oxidation potentials of compounds 1, 28 and 30 
Compound E112 E112 LlEu Kc 
CH2CI2 (V) 
1 0.292 0.507 0.215 4,320 
28 0.442 0.588 0.146 295 
30 0.90 - - -
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Spectroelectrochemical studies on 28 and 30 further revealed the extent of chemical 
reactivity of the oxidised forms of these materials. Attempts to oxidise 28 to 28+ in the 
OTTLE cell resulted in a collapse of the original spectral profile which was replaced 
by new bands at 485 and 7 40 nm together with a broad NIR band. During the 
oxidation process, the peak maximum of the NIR band shifted from 1600 - 1400 nm. 
Continued oxidation at higher potentials caused the collapse of the bands at 485 and 
the NIR envelope and the continued growth of the band at 740 nm.(Figure 6.4) 
Wavelength (nm} 
Figure 6.4 The spectroelectrochemical response of 28 on 
oxidation 
When the potential was reversed, there was a smooth transition to a species 
characterised by intense bands centred at 1400 nm and 480 nm, reminiscent of a 
tetraaryl biphenyl diamine monocation. Continued reduction saw these bands collapse 
and the growth of absorption bands at Amax 320 and 350 nm (Figure 6.5). 
2 
1.5 
1.5 l l 
ll 1 1 .. 
0.5 0.5 
0 0 
250 700 1250 1700 2250 250 
-.glh(lliTj 
Figure 6.5 The spectroelectrochemical response of 28 on reduction 
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Oxidation of 30 gave a spectral trace with a different profile, which despite the 
absence of a conjugated n-system linking the amine centres in the starting material 
exhibited an absorption spectrum similar to that of 1 + (Amax = 480, 1350 nm) in 
addition to a band near 700 nm. Further oxidation resulted in the collapse of the bands 
at 480 and 1350 nm and the continued growth ofthe band at 700 nm. (Figure 6.6) 
250 750 1250 1750 2250 
Wavelength (nm) 
Figure 6.6 The spectroelectrochemical response of 30 
on oxidation. 
Reduction of the exhaustively oxidised solution resulted in the collapse of the band at 
700 nm and re-appearance of the bands at 480 and 1350 nm with an associated 
isosbestic point at 920 nm. Further reduction gave a clean spectral profile with new 
band maxima at A = 320, 353nm. 
25 
Figure 6. 7 Spectral traces of the reduction of 30 
Wavekmgth (nm) 
Figure 6.8 Comparison of the spectra recorded 
before and after the oxidation/reduction cycle of 
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The electronic spectra observed both during reduction and in the fully reduced state 
bore a close resemblance to that seen for unhindered biphenyl diamines such as 1. 
Comparison of the spectra confirmed how close this resemblance was, suggesting that 
a chemical reaction was occurring that was forming an unhindered biphenyl diamine 
moiety. (Figures 6.8 and 6.9) 
1.5 --------
-Polymerised 
material 
- 1+ 
~ 1 
.~ 
~ 
0 
~ 
.. 
.., 
< 0.5 
0~-~~~--~---~--~~b---~--~ 
250 750 1250 1750 
Wavelength (nm) 
2250 2750 
Figure 6.9 Comparison of electronic spectrum of 1• and 
electrochemically polymerised 30+ 
Oxidation of 32 in the OTTLE cell resulted in a collapse of the original spectral 
profile of bands at 300 and 336 nm and growth of a broad NIR band at 1395 nm 
accompanied by a band at 486 nm. Further oxidation resulted in the collapse of the 
band at 486 nm and appearance of a new band 737 nm. Associated with this was a 
shift of the band maximum of the band in the NIR to higher energy. Continued 
oxidation then saw the collapse of the NIR band envelope and continued growth of 
the band at 737 nm. (Figure 6.10) 
2 
15 
05 
0~~~~~~--~--~~------~~ 
250 750 1750 2250 
Figure 6.10 The spectroelectrochemical response of 32 on oxidation 
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Reduction of the exhaustively oxidised solution resulted in the collapse of the band at 
73 7 nrn and re-appearance of the band at 486 nrn An intense absorption band was 
observed in the NIR at 1290 nrn, very similar to the spectrum seen for the monocation 
of 1. Further reduction saw the collapse of these bands and the growth of a broad set 
of bands at 355 nrn, quite different to those seen for the original neutral solution. 
(Figure 6.11) 
2.5 
2.5 ! ! 
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Figure 6.11 The spectroelectrochemical response of 32 on reduction 
The change in the spectrum on reduction and in the neutral state after the oxidation 
/reduction cycle of 32 again suggested that a chemical reaction was occurring in the 
oxidised state. (Figure 6.12) 
2.5 
-Initial Spectrum 
- Spectrum after Ox/Red cyde 
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1.5 
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Wavelength (nm) 
Figure 6.12 Comparison of the spectra recorded 
before and after the oxidation/reduction cycle of 32 
Only a single absorption band was observed m the spectrum after oxidation. 
Comparison of the position of the band with those recorded for tri( 4-
methylphenyl)amine, 23 and tetraaryl biphenyl diamines suggests that the transition is 
a n -n*biphenyl transition. This is consistent with the formation of an unhindered 
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biphenyl through coupling of two molecules of 32 at the para position of the 
peripheral rings. The methyl groups at the 3,3' positions would still disrupt the 
conformation about the N-C bond disrupting the conjugation. 
Q 
2 N 
d 
~ ~N 
6 
Scheme 6.1 The proposed reaction scheme for the coupling of 32 
Consideration of the spectroelectrochemical and electrochemical results across 1, 28, 
30 and 32 and comparison with unhindered diamines indicates that the dominant 
factor in the stability of the redox products lies in the relative conformational 
flexibility ofthe biphenyl diamine moiety. 
The introduction ofthe methyl groups around the C(l)-C(l#) bond serves to decrease 
the thermodynamic stability of the oxidised forms, as evidenced by the increase in 
oxidation potentials. The introduction of steric constraints which limit free rotation of 
the diarylamine unit about the N-C(4) bond do not affect the thermodynamic stability 
of the cation in the same manner, although the chemical reactivity is affected. 
It is also clear that the kinetic stability of the oxidised forms of the more restricted 
systems 28, 30 and 32 is dependent upon the presence of substituents at the peripheral 
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aryl ring para positions, as the analogous (4-methylphenyl) substituted materials 29, 
31 and 33 studied in Chapter 4 showed no sign of reactivity. 
The spectroscopic profiles of the products derived from electrochemical oxidation of 
28, 30 and 32 are indicative of a unrestricted tetraarylbenzidene moiety, and a likely 
reaction scheme is given in Scheme 6.2. 
Q 
"d 
Oxidation 
Q- - 9 N-o-o-N 
- f ' 
Scheme 6.2 The proposed reaction scheme for the coupling of the 
restricted diamines 
Guided by the electrochemical and spectroelectrochemical results, preparative scale 
chemical oxidation of 30 was undertaken using an equimolar quantity of SbC15 in 
CH2Ch. The addition of the oxidising agent was marked by an instant deep blue 
colouration of the solution, which rapidly faded to orange. Two absorption bands at 
480 and 1400 nm were observed, consistent with the tetraaryl biphenyl diamine motif, 
and entirely consistent with the profile observed spectroelectrochemically for 1 +. 
The reaction mixture was allowed to stir for 1 hr at ambient temperature, before being 
quenched by addition of SnCb. Filtration of the reaction mixture through a silica pad 
to remove the tin and antimony by-products gave a colourless solution from which a 
white solid (71) was obtained after concentration and precipitation into ethanol. 
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In the 1H NMR spectrum of the resulting white solid, singlet resonances at 8 2.20 and 
8 6.91 ppm characteristic of the 2,2 ',6,6' -tetramethyl biphenyl diamine fragment were 
observed. In the aromatic region, an AA'BB' resonance centred at 8 7.13 ppm 
indicated the presence of a 4,4 '-disubstituted-1, 1 '-biphenyl moiety in the product, 71. 
This suggestion is further supported by the UV/Vis spectrum of 71 prepared in this 
manner, which was characterised by two absorption bands at 315 and 351 nm, similar 
to the spectral profile of 1, and other simple TPD-type molecules. 
Estimates of the molecular weight of the material 71 obtained from several reactions 
by GPC against polystyrene standards fell in the range 1740 (3-mer) to 30,500 (58-
mer) depending upon the rate of addition of the oxidising agent and the concentration 
of the reagents. While the conditions were not optimised, it is clear that oxidation of 
30 is a viable method for the production of oligo and polymeric derivatives. 
6.3 Conclusion 
Both the electrochemical and chemical oxidation of "twisted TPDs" such as 28, 30 
and 32 provide a polymeric material with discrete TPD type units incorporated into 
the backbone. The availability of polymeric materials from precursors with varying 
numbers and position of methyl groups enhances the possibility of synthesising a 
polymer by this method with the required physical and electrochemical properties 
required for device application. 
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Chapter Seven: Fluorescence, ESR and Raman Studies 
7.1 Introduction 
The use of advanced spectroscopic methods was applied to a study of a selection of 
compounds in order to obtain further information on both the neutral and oxidised 
forms of the material. Emission and excitation spectroscopy together with Raman 
spectroscopy were used to obtain further information on the chromophore responsible 
for the UV Nis absorption spectra. ESR spectra were recorded of both pre-oxidised 
samples, and as spectroelectrochemical experiments, to investigate the electronic spin-
state of the oxidised forms of 23, 26 and 59. The author participated in these studies 
led by the groups ofBeeby (Durham, fluorescence), Smith (Strathclyde, Raman) and 
Mclnnes (Manchester, ESR) 
7.2 Fluorescence spectra 
The absorption, emission and excitation spectra of 23 are presented here. As described 
in Chapter 3, the UV Nis absorption consists of a single peak at 303 nm. The emission 
spectrum obtained by irradiation at 300nm exhibits a single peak at 375 nm.(Figure 
7.1) The excitation spectrum was collected with the detector set to record emission 
only at 375 nm, with irradiation across the range 200 to 365 nm. The spectrum 
contains a peak at 300 nm. 
- Absorption 
- Emission 
- Excitation 
250 300 350 400 450 500 
Wavelength (Ml) 
Figure 7.1 Absorption, emission and excitation spectra of 23 
The emission spectrum of 1 resembled the mirror image of the absorption spectrum 
with a set of bands at 405 nm.(Figure 7.2) The excitation spectrum also contained 
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more features than the triarylamine 23, with bands at 311 and 350 nm being observed. 
(Figure 7.2) The spectra of 26 were essentially identical to those of 1, as would be 
expected of such closely related compounds. 
250 300 350 400 450 500 
Wavelength (nm) 
Figure 7.2 Absorption, emission and excitation spectrum of 1 
Having seen the effect of introducing methyl groups about the central C-C bond on 
the absorption spectra of the 2,2 ',6,6' -tetramethyl and 3,3 '-dimethyl substituted 
biphenyl diamines, 28 and 31 (Chapter 4) investigation into the effect on the emission 
and excitation spectra was undertaken. The emission spectrum of 31 contained a 
single band at 367 nm, (Figure 7.3) however it was in the excitation spectra that the 
real differences became evident. (Figure 7.3) Only two features were apparent in the 
spectrum, bands at 242 and 306 nm, closely resembling the excitation spectrum of 23. 
This further supports the hypothesis that the 2,2' ,6,6 '-tetra methyl substitution pattern 
about the biphenyl is de-coupling the two nitrogen centres. 
250 300 350 400 450 500 
Wavelength (nm) 
Figure 7.3 Absorption, emission and excitation spectrum of 31 
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The effect of the 3,3 ' -dimethyl substitution pattern on the emission and excitation 
spectra was also studied. The excitation spectrum was again the more informative, 
showing a marked difference to the unsubstituted materials 1 and 26. There were two 
bands present at 300 and 340 nm, similar to the spectra of 1 and 26 however the 
relative intensities of the bands were altered.(Figure 7.4) This is consistent with the 
change in intensities of bands in the absorption spectrum noted in Chapter 4. 
- Emission 
-Absorption 
- Excitation 
250 300 350 400 450 500 
Wavelength (nm) 
Figure 7.4 Absorption, emission and excitation spectrum of 33 
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7.3 Electron Spin Resonance Studies 
ESR studies on charge transfer complexes oftriarylamine with iodine have reported a 
triplet with 14N hyperfine splitting of approximately 14 Gauss. Increasing the 
temperature from room temperature to 150 oc produced better resolution and allowed 
the super-hyperfine structure to be observed. The following explanation was offered 
for the spectra observed. The three peaks observed at room temperature were 
undoubtedly associated with the interaction of the hole in the [(C6Hs)3Nf radical 
cation with the nuclear magnetic moment of the nitrogen. The appearance of the 
super-hyperfine structure as the temperature of the system is raised was probably due 
to the partial resolution of the hydrogens on the phenyl groups. 1 The recording of the 
ESR spectrum of triarylamines can be complicated by the reactivity of the 
[(C6H5) 3Nt radical cation which is discussed in more detail below. For this reason 
the experiments have been repeated using trianisylamine and tri( 4-
bromophenyl)amine which have stable radical cations. These also displayed a triplet 
splitting pattern? 
Our attempts to replicate the ESR spectrum by oxidation of 23 produced only a broad 
poorly defined triplet.(Figure 7.5) The experiment was repeated at both reduced and 
elevated temperatures in the range (243-303 K) with no discernible improvement in 
the appearance of the spectrum. 
150000 
-150000 -f---~----~-~~-~--~-~ 
3300 3320 3340 3360 3380 3400 3420 3440 
G 
Figure 7.5 The ESR spectrum of 23+1 in CH2CI2 at 258K 
It was through electrochemical ESR studies that the reaction scheme of the 
dimerisation of triphenylamine to tetraphenyl-1, I' -biphenyl-4,4' -diamine was first 
elucidated. ESR studies on both chemically and electrochemically oxidised 
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tetraphenyl-1, 1 '-biphenyl-4,4' -diamine have since revealed a pentet splitting pattern 
which is consistent with coupling of the unpaired electron to two equivalent 14N 
nuclei. 2· 3 (Figure 7.6) 
150000 
100000 i--------,..J-\-------------1 
50000 i-------//'---1------------; j 
-50000 1----------\v----,/~--------i 
-100000 i----------------------1 
-150000 +--~-~--~----~-~-~--
3310 3320 3330 3340 3350 3360 3370 3380 3390 
G 
Figure 7.6 The ESR spectrum of 26+1 in CH2CI2 at 298K 
The dication 26+2 was ESR silent with no signal being observed across the range of 
the instrument 
A spectroelectrochemical investigation of the ESR response of the trimeric material 
59 was undertaken by means of an in situ ESR spectroelectrochemical rig. This 
electrochemical set-up enabled ESR spectra to be recorded during oxidation. (Figures 
7.7-7.9) 
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Figure 7.7 ESR spectrum of 59+1 
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Figure 7.8 ESR Spectrum of 59+2 
Figure 7.9 ESR Spectrum of 59+3 
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The ESR spectrum of 59 during various stages of oxidation was recorded with the 
intention of attempting to identify the environment of the unpaired spins present in the 
different oxidation states. Unfortunately the spectra displayed very little difference, 
and no clear hyperfine splitting. This made interpretation impossible, although it is 
worth noting that there are characteristic wave shapes and intensities to the spectra of 
the differing oxidation states. Difficulties in isolating the trimeric materials in the 
intermediate oxidation states + 1 and +2 in this cell made further investigations 
problematic. 
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7.4 Raman Analysis of Charge Transfer Materials 
(A joint study carried out with Rachael Littleford, University of Strathclyde.) 
7.4.1 Introduction 
Raman spectroscopy offers an alternative method through which to interrogate the 
structure of these tetraaryl biphenyl diamine systems.4-8 While the neutral forms of 
these molecules are readily accessible, it is far harder to isolate the radical species 
although the successful studies in Chapter 3 suggest that many more of these radical 
cations may be isolable than is commonly thought. 
Raman spectroelectrochemical techniques which allow the generation of these species 
in solution in the spectrometer beam path in-situ provide a solution to the problems in 
obtaining the radical samples for study, and can be used to provide a molecularly 
specific fingerprint of the generated molecule.9-12 
7.4.2 Aims 
The overall atm is to follow the formation of both monocations and dications of 
charge transfer materials, specifically 1 and 26, generated inside an OTTLE cell, 
using Raman and resonance Raman spectroscopy. In combination with a calculated 
Raman spectrum of 1, the frequencies and displacements of each vibration will 
provide information on the structure and electronic structure of the cations in-situ in 
solution, indicating if the radical cations are best described in terms of a symmetrical 
structure with a fully de localised radical as suggested by the analysis of the NIR band 
and DFT calculations (Chapter 3) or if the rate of electron transfer is sufficiently slow 
to allow the observation of a valence trapped "mixed-valence" state. 13 
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7.4.3 Results and Discussion 
For 1 n+, excitation with 514.5 nm radiation is in the envelope of the absorption band 
at 477 nm. Although the excitation wavelength is towards the lower frequency side of 
the absorption band, this will be close to the 0 to 0 and 0 to I vibronic band 
frequencies, and consequently should be effective in creating resonance enhancement. 
Resonance conditions are encountered with the chromophore of the dication when the 
sample is excited at 632.7 nm, this is due to the excitation wavelength being within 
the absorption envelope with the maximum at 732 nm. With the dication, the 632.7 
nm band is on the high energy side of the absorption band. This will correspond to a 
higher vibronic level of the band and consequently weaker resonance enhancement is 
to be expected. The results are similar for 26"+ a slight frequency shift of the 
absorption maximum occurs, although the monocation chromophore will still be 
resonant with 514.5 nm excitation and the dication resonant with 632.7 nm excitation. 
3.5 - 732 a 
3 -
2.5 -
1l 2 307, 
c( 387 
250 750 1250 1750 2250 2750 
wavelength 
Figure 7.10 Electronic spectrum of 1 
7.4.3.1 OFT calculations 
Theoretical Raman spectra of the neutral 1 species were calculated by Tackley using 
OFT methods and compared with the experimental Raman spectrum of the neutral 26. 
Although the experimental result is from a molecule with an extra methyl group, in 
the region 1800 to 4000 cm·1 there is close agreement between the calculated and 
observed frequencies. The largest deficit for any clearly assigned band was 18 cm·1, 
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and a fit of the most intense 10 bands gave an average error of 7.9 cm-1• However, 
calculated intensities are poor, often a common factor in DFT calculations. A similar 
comparison of the 1 monocation theoretical spectrum and the 26 monocation 
experimental spectrum is shown in figure 7.11. The largest deficit for any band was 9 
cm-
1
, with an average error of 4.7 cm-1• Thus, the assignments as made by the DFT 
calculations can be used with some confidence. The full list of calculated bands 
together with the experimental frequencies of the Raman active bands is given in 
Appendix A. 
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Figure 7.11 Predicted Raman spectrum of 1 cation and experimental 
Raman spectrum of 26 cation with 514.5 nm excitation 
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7.4.3.2 Raman Spectra of Solid State 26n+ (n=O, 1) 
The Raman spectra of neutral 26 and of the mono cation as [26]SbC16 in the solid 
state are given in figure 7.12. There are clear differences in the spectra. Three bands 
can be identified and assigned from the DFT calculation in what is essentially the 
quadrant stretch region for phenyl ring systems between 1550 cm-1 and 1620 cm-1. 
Two of these bands, at 1614 and 1606 cm-1 can be identified clearly in the neutral 
species with the largest band being the 1606 cm- 1 band. However, in the cation, this 
band although still the most intense, has a reduced intensity relative in particular to 
the band at 1614 cm -I. There are a number of other differences as can be seen in 
figure 7.12, but the predominant differences are the relative intensity changes in the 
bands at about 1300 cm- 1 and 1200 cm-1• Both the relatively intense band at 1324 cm-1 
in the cation and the relatively intense band at 1294 cm-1 in the neutral species arise 
from a combination of C-N and C-C stretches on the entire ring system. Generally, it 
is these ring stretches rather than the C-H displacements that are effective in 
resonance Raman enhancement. The reason for this is that enhancement is caused 
when the vibrational displacements take the nuclear skeleton from its geometry in the 
ground electronic state into the geometry in the excited electronic state. This is most 
likely to occur in a n ~ n* or n ~ n * transition of the type described here when 
nuclear motion of the carbon nitrogen skeleton occurs. 
Through comparison of the experimental spectra with the calculated data, the main 
peaks, and the associated molecular motions can be assigned. The main difference 
between the 1324 cm-1 mode and the 1294 cm-1 mode is that the 1324 cm-1 mode has 
larger C-N and C-C displacements on the peripheral rings. A similar picture is 
obtained for the other pair of vibrations at 1214 cm-1 and 1182 cm-1• Thus the resonant 
enhancement in the mono cation is favoured by contributions from C-N and C-C 
stretches of the outer phenyl rings. 
These observations suggest that the electron density in the n to n* transition which 
leads to the absorption band at 4 72 nm covers at least the outer phenyl rings and the 
nitrogen atoms. 
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Experimental Raman spectrum of 26 (a) neutral and (b) monocation. 
Excitation at 514.5 nm 
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7.4.3.3 Spectroelectrochemical Raman Data 
The results of an OTTLE experiment using a solution of 26 in CH2Cb with supporting 
electrolyte are shown in figure 7.13. Together with an obvious increase in the 
intensity of the sharp Raman scattering due to resonance enhancement when the 
cations are formed, there is clear evidence of overtones in the region between 1600 
and 3200 cm-1 and a clear emission spectrum. The presence of overtones is common 
for resonant systems since the usual selection rules are relaxed. 
The emission spectrum can be used to follow the formation of the cations as the 
voltage is changed. The emission from 632.7 nm excitation is likely to arise from the 
dication since it has an absorption band in that frequency region. Emission from the 
monocation would not be expected to be efficient as there is no absorption band close 
in frequency to the laser excitation wavelength of 632.7 nm. The band grows in at 
potentials at and above that at which the dication is produced. This is as expected 
since the dication will continue to form through diffusion of residual monocations to 
the electrode surface. 
A more complicated situation arises with 514.5 nm excitation. In addition to emission 
from the dication which is at the same absolute frequency as that obtained with 632.7 
nm excitation, there appears to be emission from the monocation with a maximum at 
approximately 2500 cm- 1 lower than the excitation frequency. This is slightly unusual 
because there is a lower energy excited state for the monocation. However, Raman 
scattering uses a high power laser, and emission from higher excited states is known. 
This will be helped by the larger energy separation between this state (472 nm) and 
the state in the near infra-red (1327 nm). This emission is broad compared to that of 
the dication. However, emission from the dication occurs at a remarkably low voltage, 
and peaks at a lower voltage than for 632.7 nm excitation. Smith and Littleford 
suggest that this occurs through energy transfer from the relatively long lived higher 
excited state of the monocation, transferring energy efficiently to the excited state of 
the dication. Hence, the dication emission arises from two processes, emission 
stimulated by collisional processes with the monocation, and emission from direct 
absorption of the laser beam into a very high vibronic excited state arising from the 
band with a maximum at 742 nm, or the weaker with a maximum at 492 nm. 
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Raman spectra showing the generation of the 26 cation and dication in-situ 
using an OTTLE cell. Excitation at (a) 514.5 nm and (b) 632.7 nm 
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Figure 7.14 shows an expanded plot ofthe Raman data in the region below 1800 cm·'. 
There is obvious agreement between the spectrum from the monovalent radical at 0.3 
V in the OTTLE cell and the same radical in the solid state. Small frequency 
differences may be attributed to instrumental error. There are only very minor 
intensity changes. 
The frequency of the Raman active modes of the dication are similar but not identical 
to those of the monocation. However, there are significant intensity changes. In 
particular, there are changes in the 1600 cm·' region and in the 1200 cm·' region. The 
apparent rise in the number of other bands such as the band at 1413 cm·' merely 
indicate the much weaker enhancement from this radical since the band at 1413 cm·' 
is from the solvent. However, the band at 1592 cm·' in the theoretical calculation has 
greater displacements on the periphery of the molecule. This may suggest that the 
difference between the monocation and the dication is that somewhat more of the 
electron density is on the peripheral rings in the dication. 
Less intense spectra were obtained from the dication than from the cation radical with 
514.5 nm excitation. However, with 632.7 nm excitation more intense spectra are 
obtained at higher voltages. On the basis· that this is the dication this effect is 
explained by the fact that the dication is to a greater extent in resonance with the main 
742 nm band when excited at 632.7 nm. There is no effective resonance band to 
produce a Raman effect for the monocation with 632.7 nm excitation. 
The enhancement pattern however, is not the same as that found with 514.5 nm 
excitation. This is because it is more in resonance with the lower frequency 742 nm 
electronic band in the spectrum of the divalent ion. However, some noticeable 
similarities are present. In particular, the band at 1569 cm·' (1592 cm·' in the 
theoretical calculations) is again the most strongly enhanced band in the quadrant 
stretching region. This confirms the conclusion that a significant fraction of electron 
density is on the periphery of the molecule for the cationic species. Similar 
conclusions can be drawn from the fact that the band at 1200 cm·' is relatively 
intense. However, the band at 1317 cm- 1 is now weak and the bands at 1343 and 1395 
cm·' are relatively much more intense. The band at 1395 cm·' is of particular interest. 
The main displacement shown in the DFT calculated Raman stretching modes 
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calculation are of large methyl C-C stretches. Again this would emphasise the 
presence of significant electron density at the peripheral parts of the molecule. 
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Figure 7.14 Selected Raman spectra showing the electrochemical generation of the 26 
cation and dication in the OTTLE cell. Excitation at (a) 514.5 nm and (b) 632.7 nm 
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Figures 7.15 and 7.16 show the results of an OTTLE experiment usmg 1. Due to 
resonance enhancement an obvious increase in the intensity of the sharp Raman 
scattering occurs when the cations are formed. Excitation at 632.7 nm shows very 
little resonance enhancement from the monocation as expected, with an increase in 
intensity as the dication is formed. 
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7 .4.4 Conclusion 
The use of an OTTLE cell combined with Raman spectroscopy provides a 
complimentaty technique to generate and monitor the formation of radical species of 
model charge transfer materials. In conjunction with DFT calculations it is possible to 
predict that the nature of the radical cations are best described in terms of a 
symmetrical structure with a fully delocalised radical structure, with significant 
electron density on the outer rings of the dicatonic system. This data compliments that 
obtained from spectroelectrochemical UV-Vis-NIR studies. 
The Raman scattering from the three oxidation states of both the materials studied are 
clearly different, allowing discrimination between the neutral, mono- and dicationic 
species. The signal to noise ratio from the radicals under resonance conditions is very 
good. This suggests it may be possible to detect the radicals in-situ in a device at low 
concentrations, this is not a trivial experiment however and would require significant 
further study. With a tunable laser it would be possible to obtain resonance profiles 
for the monocation and dication, providing an effective method to probe the structures 
of these species. 
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7.4.5 Experimental 
land 26 were supplied by the synthetic team at A vecia. 
[26]SbC16 was prepared by oxidation of 26 with a 0.1 M solution of SbC15 in CH2Ch 
7 .4.5.1 Spectroelectrochemical studies 
Spectroelectrochemical studies were carried out in an OTTLE cell (quartz, 1 mm 
pathlength) fabricated at the University of Durham, using a 0.5 mM solution of the 
material of interest with supporting electrolyte of tetrabutylammonium 
tetrafluoroborate (0.1 M) in freshly distilled dichloromethane at room temperature. 
The potential was increased in a stepwise manner, allowing Nemstian equilibrium to 
occur at each potential, evidenced by a drop in current prior to each spectral 
acquisition. 
7 .4.5.2 Raman analysis 
The OTTLE cell was mounted in the beampath of the spectrometer and focussed on a 
pore within the gauze working electrode using the microscope. 
Raman spectra were collected usmg Renishaw 2000 microprobe systems with a 
Spectra-Physics model 163 argon-ion laser providing excitation at 514.5 nm, and a 
Spectra-Physics model 127 helium-neon laser providing excitation at 632.7 nm. A 
Ventacon macrosampler attachment was employed in the analysis. Solid state spectra 
were the result of three 10 s accumulations. Spectroelectrochemical solution state 
spectra were collected for 1 s, 1 accumulation 
A silicon standard was analysed before Raman scattering was collected in order to 
assess the systems performance. 
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8.1 Experimental Procedures 
All reactions were carried out under a nitrogen atmosphere in flame-dried glassware. 
Solvents were dried from an appropriate agent and distilled. Di( 4-methylphenyl)amine, 
2,2' dimethylbenzidine dihydrochloride and ortho-dichlorobenzene were purchased from 
Aldrich, diphenylamine, carbazole, fluorene, 18-crown-6 and K2C03 were purchased 
from Avocado, 5-nitro-meta-xylene was purchased from Lancaster. All commercial 
reagents were used as received. 
8.2 Instrumentation 
Mass spectra were recorded on a Micromass Autospec instrument operating in El mode. 
[M] is used to denote the molecular ion. 
NMR spectra were recorded on the following machines at frequencies listed unless stated 
otherwise; Varian XL-200 ctH), Varian Unity-300 ctH and 13C{ 1H}) or Varian VXR-400 
ctH, 13C, 1H- 1H COSY and 1H- 13C HETCOR). All chemical shifts are reported in 8 
(ppm). 1H NMR spectra were referenced to residual protio impurity in the solvent CHCh, 
7.26 ppm. 13C NMR spectra were referenced to the solvent resonance CDCb, 77.0 ppm. 
All spectra were recorded at ambient temperature. The abbreviations have been used for 
multiplicities: s (singlet), d (doublet), t (triplet), m (multiplet), br (broad). 
UV-Visible spectra were recorded on a Varian Cary-5 spectrophotometer 
Electron spin resonance measurements were recorded on a Bruker EMX ESR 
spectrometer equipped with a Bruker x-band microwave bridge. 
Emission and excitation spectra were recorded on a Perkin Elmer LS-50B luminescence 
spectrometer. 
Elemental analysis was performed by the microanalytical service within the Department 
of Chemistry at the University of Durham. 
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8.3 General Procedure 
For preparation of the series of Ullmann Condensation reaction products detailed below, 
we found the most effective and consistent preparative method to be that employing 18-
crown-6 as a phase transfer agent and utilising ortho-dichlorobenzene as the solvent. 1 The 
general procedure was as follows: To a 100ml round-bottomed flask containing ortho-
dichlorobenzene (1 0 ml) equipped with a magnetic follower, a nitrogen gas purge and a 
reflux condenser were added diphenylamine (5.5 mmol), diiodobiphenyl (2.5 mmol), 
K2C03 (20 mmol), copper powder (5.0 mmol) and 18-crown-6 (0.5 mmol). The reaction 
mixture was rapidly heated to the reflux temperature of 180 oc and maintained at that 
temperature for 12-24 hrs. The reaction mixture was cooled and filtered to remove the 
inorganic residues. The crude reaction mixture was then reduced in volume in vacuo and 
purified by column chromatography. 
N,N,N',N'-tetra(phenyl)-(1, 1 '-biphenyl)-4,4' -diamine (19) 
Diphenylamine (0.916 g, 5.43 mmol), diiodobiphenyl (1.0 g, 2.46 mmol), K2C03 (2.72 g, 
19.68 mmol), copper powder (0.34 g, 5.3 mmol) and 18-crown-6 (0.13 g, 0.49 mmol) 
were dissolved in ortho-dichlorobenzene (1 0 ml) and heated at reflux for 18.5 hrs. The 
crude reaction mixture was treated with MeOH, producing a precipitate. The solid was 
collected, dried and recrystallised from CH2Cb. (0.68 g, 56%) 
1H NMR (CDCh) 8 7.48 (d, JAs =9Hz, 4H, Ha/Hb), 
7.16 (pseudo t, JHH = 15Hz, 8H, Hd), 
7.03 (d, J1-11-1 =9Hz, 8H, He), 
7.03 (d, JHH =9Hz, 4H, Ha/Hb), 
6.93 (t, J1-1H =14Hz, 4H, He) 
C13 NMR (CDCh) 8 147.71 (CS), 146.73 (C4), 134.74 (Cl), 129.25 (C2), 127.29 (C3), 
124.30 (C7), 124.08 (C6), 122.81 (C8) 
El MS m/z 488 [Mt 
m.p. 220-222° 
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N,N,N',N'atetra(4-rnethylphenyl)-(1, 1 '-biphenyl)-4,4' -diamine (27) 
A solution of diiodobiphenyl (2.0 g, 4.93 mmol), di(4-methylphenyl)amine (2.14 g, 10.85 
mmol), K2C03 (5.44 g, 39.44 mmol), copper powder (0.67 g, 10.6 mmol) and 18-crown-6 
(0.29 g, 0.99 mmol) in ortho-dichlorobenzene (10 ml) was heated at reflux for 15 hrs. 
The reaction mixture was filtered and the solvent volume reduced in vacuo. The crude 
mixture was purified by column chromatography (silica, hexanes). (1.25 g, 47%) 
1H NMR (CDCh) o 7.31 (d, JHH= 8Hz, 4H, Ha!Hb), 
6.97 (m, 20H), 2.2 (s, 12H, CH3) H3cQ / 9 
13CNMR (CDCb) 1i 147.22 (CS), 145.54 (C4), _ {J 
134.20 (Cl), 132.61 (C8), 130.08 (C2), 127.28 (C3), ~c72-cb / 5 
124.74 (C7), 123.16 (C6), 21.07 (C9) ~ )---<H, v·-~ 
El MS mlz 544 [Mt, 349 [M-NAr2t y \.==-( 
m.p. 203-205° H3C 
Analysis C4oH36N2 
Calculated. C%, 88.19; H%, 7.66; N% 5.14 and found: C% 88.18; H% 7.74; N% 4.49 
2,2'-Dimethyl-4,4'-diiodobiphenyl (52)2· 3 
2,2'-Dimethylbenzidine dihydrochloride (10 g, 35.0 mmol) was dissolved in a 10% 
H2S04 solution and cooled to 10 ·c. A NaN02 solution (6.31 g, 91 mmol in 67 ml H20) 
was added dropwise whilst maintaining a temperature of 8 ·c. This solution was stirred 
for 30 mins, after which it was poured into a stirred solution of KI3 (KI, 100 g, 671 mmol; 
h, 110 g, 436 mmol) and stirred for 10 hrs. Thereafter, sodium hydrogen sulfite was 
added with stirring, until gas evolution ceased. The solution was filtered and the organic 
material extracted with Et20 (5 x 100 ml). This solution was washed with a further 
portion of sodium hydrogen sulfite solution, dried (MgS04) and the solvent removed in 
vacuo to afford the crude product which was sufficiently pure for subsequent reactions. 
(10.75 g, 68.5%) 
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1H NMR (CDCh) 8 7.56 (s, 2H, Ha), 7.48 (d, J HH= 8 Hz, 2H, Hb/Hc), 6.72 (d, J HH= 8 
Hz, 2H, Hb/Hc), 1.93 (s, 6H, CH3) 
13C NMR (CDCl3) 8 139.99, 138.76, 138.23, 
134.82, 130.88, 93.16, 19.50 
El MS m/z 434 [M]+, 306 [M-I]+, 180 [M-21] + 
m.p. 83-84° 
N,N,N',N'-tetraphe1111yl-(2,2' -dimethyl)-(1, 1 '-biphenyl)-4,4' -diamine (28) 
A stirred solution of 2,2' -dimethyl-4,4' -diiodobiphenyl (52) (1.0 g, 2.3 mmol), 
diphenylamine (0. 78 g, 4.6 mmol), K2C03 (2.54 g, 18.4 mmol), copper powder (0.58 g, 
9.2 mmol) and 18-crown-6 (0.12 g, 0.46 mmol) in ortho-dichlorobenzene (10 ml) was 
heated at reflux for 20hrs. The reaction mixture was filtered and the solvent volume 
reduced in vacuo. The crude mixture was purified by column chromatography (silica, 
hexanes/CH2Ch) to afford the title compound as a yellow powder. (0.38 g, 35%) 
1H NMR (CDCh) 8 7.22 (s, 2H, Ha) 7.19 (m, 8H, Hd), 7.06 (m, 8H, He), 6.93 (m, 2H, 
Hb/Hc), 6.92 (m, 4H, Hf), 6.85 (m, 2H, Hb/Hc), 1.94 (s, 6H, CH3) 
13C NMR (CDCh) 8 147.95 (C7), 146.48 (C4), 
137.10 (Cl), 135.93 (C2), 130.40 (C3), 
129.17 (C9), 125.10 (C5), 124.17 (C8) 
122.64 (C6), 121.23 (C10), 20.06 (Cll). 
El MS m/z 516 [M]+, 349 [M-NPh2t 
m.p. 206-209° 
N,N,N',N'-tetra(4-methylphenyl)-(2,2' -dimethyl)-(1, 1 '-biphenyl)-4,4' -diamine 
(29) 
To prepare the title compound 2,2' -dimethyl-4,4' -diiodobiphenyl (52) (2.17 g, 5.0 
mmol), di(4-methylphenyl)amine (2.36 g, 12.0 mmol), K2C03 (5.52 g, 40.0 mmol), 
copper powder (0.68 g, 10.75 mmol) and 18-crown-6 (0.27 g, 1.0 mmol) were dissolved 
in ortho-dichlorobenzene (1 0 ml) and heated at reflux for 45 hrs. The reaction mixture 
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was filtered and the solvent volume reduced in vacuo. The crude mixture was purified by 
column chromatography (silica, hexanes). (2.35 g, 82%) 
1HNMR (CDCh) 8 7.05 (m, Ar, 22H), 2.32 (s, 12H, ArCH3), 1.99 (s, 6H, biphenyl CH3) 
13C NMR (CDCh) 8 145.79, 144.54, 135.90, 
134.08, 131.06, 129.27, 128.76, 123.43, 122.79, 
118.96, 19.78, 19.05 
El MS m/z 572 [M]+, 377 [M-NAr2] +, 286 [Mf+ 
m.p. 248-250° 
3,3'-5,5'-Tetramethyl hydrazobenzene4 
p 
N q 
An aqueous solution of NaOH (0.75 mmol, 100 ml) was added dropwise to a boiling 
suspension of zinc dust (25.0 g, 0.38 mol) in EtOH (40ml) containing 5-nitro-1,3-xylene. 
The rate of addition was adjusted in order to maintain a vigorous reflux. After addition of 
the alkali the reaction was maintained at reflux for 4 hrs. The solution was filtered into an 
acetic acid solution (30%, 150 ml) into which sodium metabisulfite (0.5 g, )had been 
dissolved. The yellow filtrate was cooled and the precipitate collected and immediately 
dissolved in boiling petroleum ether (150 ml), the organic layer was decanted from the 
slight water layer, and allowed to cool, producing white needles of the crude product 
which was used without further purification in the synthesis of 2,2' ,6,6' -tetramethyl-4,4'-
diaminobiphenyl. (6.9 g, 87%) 
2,2',6,6'-Tetramethyl-4,4'-diaminobiphenyl (39)4 
To a boiling solution ofHCl (300 ml, 10%) through which N2 was being bubbled, 3,3'-
5,5'-tetramethyl hydrazobenzene (6.9 g, 28 mmol) was added with vigorous stirring. The 
solution was refluxed for 5hrs, after which heating was discontinued and the solution was 
allowed to cool overnight. After filtration to remove any azo derivatives the yellow 
solution was boiled with charcoal for 30mins then filtered again. The now colourless 
solution was treated with a 20% NaOH solution until cloudiness appeared, a saturated 
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sodium acetate solution (50 ml) was then added to complete the precipitation. The 
pinkish solid obtained was extracted with ether, producing a red solution which was dried 
over MgS04 the solvent was then removed and the residue extracted into hot benzene (20 
ml), which was treated with hexanes (50 ml). On cooling buff coloured crystals of the 
product were obtained. (2.55 g, 39%) 
I HNMR (CDCb) 8 6.48 (s, 4H, Ha), 3.48 (br, 4H, NH2), 1.82 (s, 12H, CH3) 
13C NMR (CDCb) 8 138.54 (C4), 137.80 (Cl), 
136.48 (C2), 136.39 (C3), 19.53 (C5) 
El MS m/z 240[M] +, 225 [M-NH2] +, 210 [M-2NH] + 
m.p. 166-16r (lit. 167-168°) 
2,2',6,6'-Tetramethyl-4,4'-diiodobiphenyl (53) 2• 3 
A solution of K13 was prepared by dissolving KI (27.5 g, 166 mmol) and h (42 g, 166 
mmol) in H20 (275 ml) and stirring overnight. A stirred solution of 2,2' ,6,6' -tetramethyl-
4,4'-diaminobiphenyl (39) (2.0 g, 8.3 mmol) in 10% H2S04 was cooled to 10 °C. A 
NaN02 solution (1.26 g, 18.3 mmol in 12 ml H20) was added dropwise whilst 
maintaining a temperature of 8 "C. This solution was stirred for 30 minutes, after which it 
was then poured into the stirred solution of KI3 The mixture was stirred for a further 30 
minutes then heated to reflux until h vapour was observed, the solution was then allowed 
to cool and sodium hydrogen sulfite was added with stirring until gas evolution ceased. 
The solution was filtered and the organics extracted into EhO (5 x 1 OOml). This solution 
was washed with a further portion of sodium hydrogen sulfite solution, dried (MgS04) 
and the solvent removed in vacuo to afford the crude product (2.93 g, 77%) which was 
sufficiently pure to be used in the subsequent reactions. 
1H NMR (CDCb) 8 7.48 (s, 4H, Ar), 1.83 (s, 12H, CH3) 
13C NMR (CDCb) 8 138.75, 138.01, 136.69, 136.60, 19.62 1 
El MS mlz 462 [M]+, 336 [M-I]+, 209 [M-2I] + 
m.p. 194-196° (lit. 199-200°) 
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N,N,N',N'-tetra(phenyl)-(2,2' ,6,6'-tetramethyl)-(1, 1 '-biphenyl)-4,4'-diamine 
(30) 
A stirred solution of 2,2' ,6,6' -tetramethyl-4,4' -diiodobiphenyl (53) (2.0 g, 4.33 mmol), 
diphenylamine (1.61 g, 9.S mmol), K2C03 (S.S2 g, 40.0 mmol), copper powder (0.6 g, 9.3 
mmol) and 18-crown-6 (0.23 g, 0.86 mmol) in ortho-dichlorobenzene (1 0 ml) was heated 
at reflux for 19 hrs. The reaction mixture was filtered and the solvent volume reduced in 
vacuo. The crude mixture was treated MeOH and placed in the freezer, producing a pale 
precipitate, which was collected and recrystallised from benzene/hexanes, (1.64 g, 70%). 
1H NMR (CDCh) 8 7.26 (pseudo t, J HH= 16Hz, 8H, He), 7.12 (d, J HH= 7Hz, 8H, Hb), 
7.00 (t, JHH= 14Hz, 4H, Hd), 
6.86 (s, 4H, Ha), 1.86 (s, 12H, CH3) 
13C NMR (CDCh) 8 148.34 (CS), 146.24 (C4), 
137.14 (Cl), 13S.07 (C2), 129.37 (C7), 
124.19 (C6), 123.63 (CS), 122.48 (CS), 
20.24 (C9) 
El MS mlz S44 [M]+, 377 [M-NAr2] + 
Analysis C4oH36N2 
Calculated. C%, 88.19; H%, 6.66; N% S.14 and found: C% 87.80; H% 6.9S; N% S.OS 
N,N,N',N'-tetra(4-methylphenyl)-(2,2' -dimethyl)-(1, 1 '-biphenyl)-4,4' -diamine 
(31) 
A stirred solution of 2,2' ,6,6' -tetramethyl-4,4' -diiodobiphenyl (53) (2.0 g, 4.33 mrnol), 
di(4-methyl)phenylamine (1.87 g, 9.S2 mmol), K2C03 (4.78 g, 34.63 mrnol), copper 
powder (O.S9 g, 9.3 mmol) and 18-crown-6 (0.27 g, l.Ommol) in ortho-dichlorobenzene 
(1 0 ml) was heated to reflux for 18 hrs. The reaction mixture was filtered and the solvent 
volume reduced in vacuo. The crude mixture was purified by column chromatography 
(silica, hexanes, CH2Ch), (0.29 g, 11 %). 
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1HNMR (CDCh) 8 6.99 (d, JAB= 8Hz, 8H, Hb), 6.93 (d, JAB= 8Hz, 8H, He), 6.73 (s, 
4H, Ha), 2.25 (s, 12H, ArCH3), 
1.76 (s, 12H, biphenyl CH3) 
13C NMR (CDCh) 8 146.88 (C5), 146.10 (C4), 
132.08 (Cl), 130.89 (C2), 130.07 (C8), 
128.06 (C3), 124.55 (C7), 122.56 (C6), 
21.16 (C9), 20.34 (ClO) 
El MS m/z 600[M] +, 405 [M-NAr2] + 
3,3'-dimethyl-4,4'-diiodobiphenyl (54)2• 3 
Potassium iodide (104.5 g, 0.63 mol) and iodine (104 g, 0.41 mol) were dissolved in 
water (375 ml) and stirred overnight to give an aqueous solution of Kh 3,3' 
dimethylbenzidine (6.13 g, 0.029 mol) was dissolved in 10% sulphuric acid and cooled to 
10°C. A solution of sodium nitrite (5.92 g, 0.086 mol in 60 ml H20) was added dropwise, 
maintaining a temperature between 6-8°C. This solution was then stirred for 30mins after 
which it was poured into the potassium tri-iodide solution. The reaction mixture was 
heated to reflux until evolution of iodine vapour was observed. The solution was cooled 
to room temperature and sodium bisulfite was added until gas ceased evolving. The 
organic layer was then extracted with benzene (3x200 ml), which was washed with 
sodium sulfite, dried and the solvent removed in vacuo, producing a pale yellow powder. 
Yield: 4.92g, 0.011mol, 40% 
1H NMR (CDCh) 8 7.76 (d, JHH =8Hz, 2H, Ha), 7.33 (d, JHH =2Hz, 2H, Hb), 6.97 (dd, 
JHH= 11Hz, 2H, He), 2.41 (s, 6H, CH3) 
13C NMR (CDCh) 8 141.88, 140.33,139.33, 
128.21, 125.92, 100.21,28.23 
El MS m/z 433[M] +, 306[M-I] +, 178[M-21] + 
m.p. 102-104° 
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N,N,N',N'-tetraphenyl-(3,3'~dimethyl)-(1, 1 '-biphenyl}-4,4'-diamine (32) 
3,3'-Dimethyl-4,4'-diiodobiphenyl (54) (1.0 g, 2.3 mmol), diphenylamine (0.92 g, 5.75 
mmol) K2C03 (2.54 g, 18.43 mmol), copper powder (0.31 g, 4.94 mmol), and 18-crown-6 
(0.12 g, 0.46 mmol) were dissolved in ortho-dichlorobenzene (10 ml) and heated to 
reflux for 18 hours. The solution was filtered and the solvent removed in vacuo, the 
residue was dissolved in MeOH and placed in the freezer, producing a pale yellow 
precipitate. Purified by chromatography (silica, hexanes/CH2Ch),(0.42 g, 36%). 
1H NMR (CDCh) 8 7.52 (d, JHH = 2 Hz, 2H, Ha), 7.47 (dd, Jm1 = 8 Hz, 2H, Hb), 7.26 
(pseudo t, JHH =8Hz, 8H, He), 7.21 (d, JHH =8Hz, 2H, He), 7.05 (d, J1-1H =8Hz, 8H, 
Hd), 6.97 (t, JHH = 14Hz, 4H, Hf), 2.12 (s, 6H, CH3) 
13C NMR (CDCh) 8 147.48 (C7), 
144.65 (C4), 138.03 (Cl), 136.53 (C3), 
130.21 (C2), 129.75 (C5), 129.07 (C9), 
125.83 (C6), 121.69 (C8), 121.51 (C10), 
18.83 (Cl1). 
El MS m/z 516 [M]+, 349 [M-NPh2f 
m.p. 174-176° 
N,N,N',N'-tetra(4-methylphenyl)-(3,3'-dimethyl)- 1,1 '-biphenyl-4,4'-diamine 
(33) 
3,3 '-Dimethyl-4,4 '-diiodobiphenyl (54) (1.0 g, 2.3 mmol), di( 4-methylphenyldiamine 
(1.0 g, 5.07 mmol), K2C03 (2.54 g, 18.43 mmol), copper powder (0.31 g, 4.94 mmol), 
and 18-crown-6 (0.12 g, 0.46 mmol) were dissolved in ortho-dichlorobenzene and heated 
to reflux for 27 hours. The solution was filtered and the solvent removed in vacuo, the 
residue was recrystallised from MeOH in the freezer. The yellow precipitate was purified 
by flash chromatography (Si02, CH2Ch/hexane 1 :9), (0.43 g, 33%). 
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(s, 12H, CH3), 2.00 (s, 6H, Cl-h) 
13C NMR (CDCb) 8 145.35 (C7), 
144.97 (C4), 137.61 (Cl), 136.19 (C3), 
130.72 (C2), 130.04 (CS), 129.59 (C9), 
129.35 (C6), 125.62 (CS), 121.69 (C10), 
20.68 (Cll), 18.91 (C12). 
El MS mlz 572[M] +, 480[M-Ar] +, 377[M-NAr2] + 
m.p. 170-172° 
Analysis C42H4oN2 
Calculated. C%, 88.07; H%, 7.03; N% 4.89 and found: C% 86.68; H% 7.42; N% 4.59 
9,9-diethylfluorene (55)5· 6 
Fluorene (8.3 g, 0.05 mol) in thf (120 ml) at -78°C was treated dropwise with BuLi (65.6 
ml of 1.6M soln. in hexanes, 0.10 mol). The mixture was stirred at -78°C for 45 mins, 
then bromoethane (10.9 g, 0.10 mol) was added dropwise. The solution was then allowed 
to warm to room temperature and stirred for a further 3 hrs. The now brown solution was 
poured into H20 (300ml), and the organics extracted with EtzO, washed with brine then 
dried (MgS04) and the solvents removed in vacuo, leaving an orange oil, which was used 
without further purification in the synthesis of 9,9-diethyl-2,7-diiodofluorene.(11.07 g, 
99%) 
1H NMR (CDCb) 8 7.22 (m, 8H, Ar), 1.92 (q, JHH =20Hz, 4H, CHz), 0.218 (t, JHH = 
16Hz, 6H, CH3) 
9,9-diethyl-2,7-diiodofluorene (56f 
To a stirred solution of 9,9-diethylfluorene (55) (5.5 g, 24.7 mmol) and finely divided b 
(6.92 g, 27.3 mmol) in acetic acid (100 ml), a mixture of red fuming nitric acid (2 ml) and 
cone. sulfuric acid (10 ml) was added dropwise. The mixture was stirred for 30mins then 
poured into H20 (700 ml), neutralised with a sodium hydrogen carbonate solution and the 
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organics extracted with Et20. The solution was washed with a sodium thiosulfate 
solution, dried (MgS04) and the solvents removed in vacuo, producing an off white solid 
of 56 which was used without further purification. (3.56 g, 30%) 
1H NMR (CDCh) 8 7.49 (m, 2H, Ar), 7.26 (m, 2H, Ar), 7.11 (s, 2H, Ar), 1.82 (q, JHH = 
20Hz, 4H, CH2), 0.16 (t, J1-1H= 16Hz, 6H, CH3) 
13C NMR (CDCh) 8 150.79, 140.35, 136.12, 132.45, 121.69, 93.04, 56.30, 32.72, 8.27 
El MS m/z 474 [M]+, 347 [M-I]+, 222 [M-2I] + 
N,N,N',N'-tetraphenyl-9,9-diethyl-2,7-diaminofluorene (34) 
9,9-Diethyl-2,7-diiodofluorene (56) (1.5 g, 3.15 mmol), diphenylamine (1.17 g, 6.93 
mmol), K2C03 (3.48 g, 25.21 mmol), copper powder (0.43 g, 6.77 mmol), and 18-crown-
6 (0.17 g, 0.63 mmol) were dissolved in ortho-dichlorobenzene and heated to reflux for 
18hrs. The solution was filtered and the solvent removed in vacuo. Purified by 
chromatography (silica, hexanes/CH2Cb) (0.531 g, 30%) 
1HNMR (CDCb) 8 7.0 (m, 26H), 1.72 (q, J1-1H= 21Hz, 4H), 0.29 (t, JHH= 14Hz, 6H) 
13C NMR (CDCh) 8 151.28, 146.48, 144.32, 130.55, 129.86, 129.11, 127.72, 123.84, 
122.33, 119.54, 56.25, 32.55, 8.56 
El MS m/z 556 [M]+, 404 [M-2Ph] +, 389[M-N Ph2] + 
m.p. 191-193° 
Q 
N 
d 
N,N,N',N'-tetra(4-methylphenyl)-9,9-diethyl-2, 7 -diaminofluorene (35) 
q 
N 
b 
9,9-diethyl-2,7-diiodofluorene (55) (1.5 g, 3.15 mmol), di(4-methylphenyl)amine (1.37 g, 
6.93 nunol), K2C03 (3.48 g, 25.21 mmol), copper powder (0.43 g, 6.77 mmol), and 18-
crown-6 (0.17 g, 0.63 mmol) were dissolved in ortho-dichlorobenzene and heated to 
reflux for 18hrs. The solution was filtered and the solvent removed in vacuo, the residue 
was recrystallised from MeOH in the freezer, producing a red powder.(0.87 g, 45%) 
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1H NMR (CDCb) 8 7.0 (m, 22H), 2.2(s, 12H), 1.71 (q, JHH = 24Hz, 4H), 0.29 (t, JHH = 
15Hz, 6H) 
13C NMR (CDCb) 8 151.28, 145.72, 142.58, 132.80, 
130.56, 130.02, 127.97, 124.56, 121.69, 
56.43, 32.81, 21.04, 18.31, 8.83, 
El MS mlz 612 [M]+, 417 [M-NAr2] + 
m.p. 187-189° 
4,4'-dicarbazolea1, 1 '-biphenyl (36) 
Carbazole (0.90 g, 5.42 mmol), diiodobiphenyl (1.0 g, 2.46 mmol), K2C03 (2.72 g, 19.7 
mmol), copper powder (0.43 g, 6.77 mmol), and 18-crown-6 (0.13 g, 0.49 mmol) were 
dissolved in ortho-dichlorobenzene and heated to reflux for 19.5hrs. The solution was 
filtered and the solvent removed in vacuo, the residue was recrystallised from MeOH in 
the freezer, producing a white powder. (0.94 g, 79%) 
1H NMR (CDCb) 8 8.18 (d, JHH =8Hz, 4H, Ha), 7.93 (d, JHI-1 =8Hz, 4H, He), 7.73 (d, 
JHH =8Hz, 4H, Hr), 7.53 (d, JHH =8Hz, 4H, Hd), 7.47 (pseudo t, JHH =15Hz, 4H, He), 
7.33 (t, JHH= 15Hz, 4H, Hb) 
13C NMR (CDCb) 8 140.82 (CS), 139.30 (C4), 
137.25 (Cl), 128.52 (C2), 127.49 (C3), 
126.02 (ClO), 123.50 (C6), 120.38 (C7), 
120.08 (C8), 109.83 (ClO). 
El MS mlz 484 [M] + 
m.p. 270-272° 
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Trimeric Triarylamine Synthesis 
Bis(4-bromophenyl)phenylamine (60) 
The bis(4-bromophenyl)phenylamine was prepared by a modified Ullmann condensation 
using 1,10 phenanthroline and CuCl.8-10 A 500ml flanged flask fitted with overhead 
stirrer, thermometer, nitrogen inlet and condenser topped with a non-return gas outlet was 
charged with the aniline (18.62 g, 0.2 mol), 4-bromoiodobenzene (141.5 g, 0.5 mol), 
1,1 0-phenanthroline (7.20 g, 0.04 mol) and ortho-xylene (80 ml). The flask was heated 
with stirring to 100°C and then the KOH (79.6 g, 1.42 mol), and CuCl (4.03 g, 0.03 mol) 
added. The temperature was then increased to ensure reflux. The reaction was monitored 
through the use of HPLC and after 2.5 hrs the heating was discontinued and the solution 
allowed to cool. The resulting mixture was poured into water (500 ml) and toluene (400 
ml), neutralised with acetic acid ( 400 ml) and filtered. The organic layer was extracted 
and the solvent removed in vacuo. The brown residue was purified by flash 
chromatography from silica eluting with hexane. The fractions were identified by means 
of HPLC and those containing product recrystallised from MeOH until a white crystalline 
solid was obtained. (13.92 g, 17.3%, 95% pure by HPLC) 
1H NMR (CDCh) o 7.34 (d, JHH =9Hz, 4H, Hd/He), 
7.26 (pseudo t, JHH =16Hz, 2H, Hb), 7.06 (m, 3H, He/Ha), 
6.93 (d, JHH =9Hz, 4H, Hd/He). 
13C NMR (CDCh) o 146.48 (C5), 132.35 (Cl), 
132.15 (CS), 124.94, 129.42, 125.50, 
125.41, 124.16 
m.p. 70-73° 
4-bromophenyl bis(4-methylphenyl)amine (61) 
Ditolylamine (29.58 g, 0.15 mol), 4-bromo-iodobenzene (63.65 g, 0.225 mol) and 1,10 
phenanthroline (5.40 g, 0.03 mol) were dissolved in ortho-xylene (60 ml) and heated 
under nitrogen to 1oo·c at which point the potassium hydroxide (59.46 g, 1.06 mol), and 
copper chloride (2.17 g, 0.022 mol) were added and the heating continued until reflux 
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was evident. The reaction was monitored by HPLC and after 3hrs the reaction observed 
to be complete. The reaction mixture was poured into water (350 ml) and toluene (350 
ml), the solution was then neutralised with acetic acid ( 40 ml) and filtered. The organic 
layer was extracted, dried and the solvents removed in vacuo and the residue purified by 
flash chromatography (Si02, Hexane). The product was precipitated from MeOH. (30.81 
g, 60%, 96% pure by HPLC) 
1H NMR CDCh) 8 7.20 (d, JHH =8Hz, 2H, Ha/Hb), 
7.00 (d, JI-11-1 =9Hz, 4H, Hc/Hd), 
6.90 (d, JHH =9Hz, 4H, Hc/Hd), 
6.82 (d, J1-1H= 9Hz, 2H, Ha!Hb), 
2.24 (s, 6H, CH3) 
13C NMR (CDCh) 8 147.44 (Cl), 
144.95 (C5), 132.94 (C8), 131.93, 
130.01, 124.94, 124.94, 124.69, 
124.37, 123.92, 113.62, 20.85 (C9) 
m.p. 98-100° 
4-boronic acid bis(4-methylphenyl)phenylamine (62) 
To a flame dried 250ml flask fitted with magnetic stirrer, nitrogen inlet, thermometer and 
bubbler, 4-bromophenyl bis(4-methylphenyl)amine (61) (10.0 g, 0.028 mol) and 
tetrahydrofuran (150 ml) were added, and cooled to -78°C. Butyllithium (1.6M in hexane 
12.2 ml, 0.028 mol) was added dropwise over a period of 25 minutes. The solution was 
stirred for 30 minutes at -78°C, then trimethylborate (6.45 ml, 0.057mol) was added 
dropwise over 20 minutes. 11 After a further hour stirring at -78°C, the solution was 
allowed to warm to room temperature and stirred overnight, after which time the solution 
had gained a yellow colouration. The solution was then poured into tetrahydrofuran (150 
ml), acidified with HCl (2M, 600 ml) and stirred for 1.5hrs. The organic layer was then 
extracted with diethyl ether (3x300 ml), and the extracts washed with saturated brine (300 
ml) then dried and the solvent removed in vacuo. The solid was washed with hot hexane, 
leaving 4-boronic acid bis(4-methylphenyl)phenylamine as a pale grey powder which 
191 
Chapter Eight: Experimental Procedures 
was dried in the oven overnight. The product was identified by comparison of HPLC 
retention time with an authentic sample. (5.92 g, 67%,) 
N,N-bis[4'-(bis {4-methylphenyl}amine)-1, 1 '-biphenyl-4] N-phenylamine (63) 
A 250ml flask equipped with nitrogen inlet, mechanical stirrer and condenser topped with 
bubbler were charged with 4-boronic acid bis(4-methylphenyl)phenylamine (62) (4.0 g, 
12.6 mmol), bis( 4-bromophenyl)phenylamine (60) (2.3 g, 5. 7 mmol), tetrakis 
(triphenylphosphine) palladium (0.20 g, 0.171 mmol) and sodium carbonate (12.93 g, 122 
mmol) were dissolved in toluene (125 ml) and water ( 40 ml). The reaction mixture was 
heated at reflux overnight with vigorous stirring in order to mix the two phases. After 18 
1 I 4 hrs at reflux heating was discontinued and the solution allowed to cool. The organic 
layer was separated, washed with water (2x 100 ml), dried and the solvent removed in 
vacuo then the residue purified by flash chromatography on silica, gradient elution, from 
hexane to 20% CH2Ch /80% hexane, producing N,N-Bis[4'-(bis {4-
methylphenyl}amine)-1,1'-biphenyl-4] N-phenylamine as a white powder. (0.85 g, 19%, 
96% by HPLC) 
1H NMR (CDCh) 8 7.38-6.94 (several m, 37H, aromatic H), 2.25 (s, 12H CH3) 
13C NMR (CDCh): 8 147.86, 147.41, 146.67, 145.51, 135.25, 134.22, 133.97, 132.72, 
130.12, 129.51, 127.48, 127.38,124.82, 124.56, 124.48, 123.07,21.16 
EI MS mlz 787 [Mt, 696 [M-Art, 592 [M-NAr2] 
m.p. 148-150° 
Analysis CssH49N3 
Calculated. C%, 88.40; H%, 6.26; N% 5.33 and found: C% 88.13; H% 6.27; N% 5.19 
~I ~I I# 
"""1 ?I 
~ 0~ 
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Conclusions 
The work contained in this thesis describes the synthesis and structural 
characterisation of a library of model hole transport materials, and has demonstrated 
that conformation, as well as inductive effects, can be used to manipulate: 
• the oxidation potential of the materials 
• the thennodynamic stability of the oxidation products derived from these 
compounds 
• the electronic structure of the oxidation products as evidenced by the shifts in 
shape and energy of the UV-Vis-NIR absorption bands and DFT calculations. 
This thesis also presents an insight into conformational factors which relate to the 
reorganisation energy associated with the oxidation of polyaryl amine dimers and 
oligomers through both experimental structure, and computational studies. Similar 
factors may contribute to the barriers to hole transport in the bulk material. 
A study of trimeric and oligomeric materials revealed unexpected and previously 
unreported reactivity for the higher oxidation states of materials with an odd number 
of nitrogen centres. Synthesis and study of a number of derivatives revealed the 
reactive sites of these materials to be confined to the para position of the peripheral 
aryl rings. 
The reactivity of compounds with an odd number of nitrogen centres, and dimeric 
systems where the nitrogen centres are effectively localised, was exploited, and a 
novel electrochemical polymerisation of TPD type monomers was developed. 
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Appendix A 
Experimental and Computational Raman Data 
OFT calculation of 26 (neutral) (RBPW91/6-31 G (d)) 
Experimental results of 26 (neutral) with excitation at 514.5, 632.8, 785 nm 
Calculated 
vibrations I 
cm·1 
1619(s) 
1608(s) 
1592 (sh, m) 
1523 (m) 
1495(w) 
Experimental 
vibrations I cm·1 
1614 
1610 
1606 (s) 
1606 (s) 
1604 (s) 
1524 (w) 
1520 (w) 
1522 (w) 
1488(w) 
1483(w) 
1483(w) 
Assignment 
Quadrant stretch of biphenyl and 
all phenyl rings coupled with C-N 
stretches and methyl C-C 
stretches 
Quadrant stretch of biphenyl and 
all phenyl rings coupled with C-N 
stretches and methyl C-C 
stretches 
LHS of molecule quadrant 
stretch of phenyl rings coupled 
with C-N stretches. Small 
biphenyl stretch with associated 
C-N stretches. No movement on 1 
RHS phenyl rings. 
Large biphenyl stretch with 
associated C-C and C-N 
stretches. Very little stretch from 
phenyl rings at ends of molecule 
Large C-N stretches on LHS of 
molecule with associated phenyl 
C-C stretches and methyl C-C 
stretch. Small biphenyl ·stretch 
with C-C phenyl stretches. Small 
C-N and associated C-C 
stretches on RHS of molecule 
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1396 (w) 
1362(w) 
1325(w) 
1314 (w) 
1291 (s) 
1282(sh,s) 
1219 (w) 
1371 (w) 
1364 (w) 
1372 (w) 
1322 (sh, w) 
1323 (sh, w) 
1315 (sh, w) 
1312 (sh, w) 
1315 (sh, w) 
1294 (s) 
1292 (s) 
1292 (s) 
1269 (sh,w) 
1191 (sh, w) 
Large methyl C-C stretch on 
RHS of molecule with C-H 
wagging. No other movement 
Large C-C stretches from LHS 
phenyl rings with associated C-N 
stretches. Small biphenyl stretch 
with C-C phenyl stretches. Small 
C-N and associated C-C stretches 
on RHS of molecule 
Whole molecule C-N and C-C 
stretches on biphenyl and phenyl 
rings. Larger movement on end 
phenyl rings 
Whole molecule C-N and C-C 
stretches on biphenyl and phenyl 
rings. Larger movement on middle 
biphenyl rings 
Whole molecule C-N and C-C 
stretches on biphenyl and phenyl 
rings. Larger movement on middle 
biphenyl rings 
Whole molecule C-N and C-C 
stretches on biphenyl and phenyl 
rings. 
Quadrant stretch of biphenyl rings 
with associated C-N stretches. C-
N stretches from outer phenyl 
rings with associated C-C 
stretches. 
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1190(s) 
1157 (m) 
1039 (w) 
986 (m) 
961 (w) 
916 (w) 
809(w) 
1182(s) 
1181(s) 
1181 (s) 
1150 (sh, w) 
1150 (sh, w) 
1151 (sh, w) 
1022 (w) 
1022 (w) 
1026(w) 
1004(w) 
998 (m) 
999 (m) 
947 
946 
922 (w) 
919 (w) 
922 (w) 
827 (m) 
821 (m) 
823 (m) 
Quadrant stretch of biphenyl rings 
with associated C-N stretches. C-
N stretches from outer phenyl 
rings with small associated C-C 
stretches. 
C-C and C-H wagging with 
associated C-N stretches across 
whole molecule 
Large methyl C-C stretch on RHS 
of molecule with C-H wagging. No 
other movement 
Large C-C stretches on LHS 
phenyl rings with some C-H 
wagging and associated C-N 
stretches. Very little movement 
from rest of molecule 
C-C stretches and C-H wagging 
from LHS phenyl rings with C-N 
stretches and large methyl C-C 
stretch. Smaller C-C stretches 
from biphenyl rings and RHS 
phenyl rings with some C-H 
wagging and C-N stretches. 
C-H wagging from inner biphenyl 
rings and outer phenyl rings with 
associated C-C and C-N stretches. 
Large C-H wagging from biphenyl 
rings with associated C-C and C-N 
stretches. Small C-H wagging from 
outer phenyl rings with associated 
C-C and C-N stretches 
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767 (sh, w) 
754 (w) 
733 (w) 
664 (w) 
410 (m) 
s =strong 
772 (w) 
766 (w) 
768(m) 
753 (sh, w) 
746 (sh, w) 
750 (m) 
721 (w) 
718 (w) 
721 (w) 
632(w) 
413(w) 
408(w) 
409 (m) 
Small C-C and C-H wagging with 
associated C-N stretches across 
whole molecule 
C-C and C-H wagging with 
associated C-N stretches across 
whole molecule 
C-C and C-H wagging with 
associated C-N stretches across 
whole molecule 
Biphenyl C-C stretch with 
associated C-C phenyl stretches in 
middle rings and C-N stretches. C-
N and C-C stretches from outer 
phenyl rings with some C-H 
wagging 
Large C-H wagging and C-C 
stretches on biphenyl rings with 
associated C-N stretches. Smaller 
C-H wagging and C-C stretches on 
end phenyl rings 
m = medium w =weak sh = shoulder 
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OFT calculation of 26 cation (UBPW91/6-31 G (d)) 
Experimental results of 26 cation with excitation at 514.5, 632.8, 785 nm 
Calculated 
vibrations I 
cm·1 
1597 (sh, m) 
1589(s) 
1577 (s) 
1541 (w) 
1517(m) 
1487 (m) 
Experimental 
vibrations 
I cm·1 
1599 (s) 
1594 (s) 
1596 (m) 
1580 (s) 
1576 (s) 
1578 (s) 
1527 (m) 
1525 (s) 
1495 (sh, w) 
1491 (w) 
1490(w) 
Assignment 
Quadrant stretch of biphenyl and all 
phenyl rings coupled with C-N 
stretches and methyl C-C stretches 
and biphenyl rings 
Large biphenyl stretch with 
associated C-C and C-N stretches. 
Smaller stretches from phenyl rings 
at ends of molecule 
Quadrant stretch of biphenyl rings 
with associated C-N stretches. C-C 
stretches from phenyl rings with 
associated C-N stretches 
Large C-C stretches on biphenyl 
rings with associated biphenyl 
stretch and C-N stretches. Small C-
N and C-C stretches on outer 
phenyl rings 
Large biphenyl stretch with 
associated C-C and C-N stretches 
from inner phenyl rings. Small C-N 
and C-C stretches on outer phenyl 
rings 
Large C-N stretch from unsub. outer 
phenyl ring with associated C-C 
stretches. Small C-C stretches from 
sub. outer phenyl ring and biphenyl 
rings 
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1462 (m) 
1454 (sh, w) 
1429 (m) 
1400 (w) 
1363 (w) 
1337 (sh, w) 
1325 (s) 
1354 (sh, m) 
1351 (sh, w) 
1365(s) 
1328(s) 
1324(s) 
1326 (s) 
Whole molecule C-N and C-C 
stretches on biphenyl and phenyl 
rings 
Whole molecule C-N and C-C 
stretches on biphenyl and phenyl 
rings 
Large C-C stretches on sub. phenyl 
rings with associated C-N stretches. 
Smaller C-C and C-N stretches 
from unsub phenyl rings and 
biphenyl 
Large methyl C-C stretch on RHS of 
molecule with associated small C-C 
and C-N stretches 
Large asymmetric C-C stretches 
from sub. phenyl and biphenyl rings 
coupled with C-N stretches. Smaller 
C-C stretches from unsub. phenyl 
rings with C-N stretches 
Large C-C stretches on unsub. 
phenyl rings and biphenyl with C-N 
stretches. Smaller C-C stretches 
from sub. phenyl rings with C-N 
stretches 
Whole molecule C-N and C-C 
stretches on biphenyl and phenyl 
rings 
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1313 (m) 
1304{sh,s) 
1294 (s) 
1259 (s) 
1217(s) 
1194 (s) 
1178 (m) 
1293 (sh, m) 
1215 (s) 
1214 (s) 
1216(s) 
1184 (s) 
1184 (s) 
Whole molecule C-N and C-C 
stretches on biphenyl and phenyl 
rings. Larger movement on middle 
biphenyl rings 
Large biphenyl stretch with 
associated C-C stretches from inner 
phenyl rings and C-N stretches. 
Small C-C and C-N stretches from 
outer phenyl rings 
Large C-N stretches on RHS of 
molecule with associated C-C 
stretches from RHS phenyl rings. 
Small C-N and C-C stretches from 
LHS rings 
Large C-N stretches from RHS 
outer phenyl rings with C-C 
stretches. Smaller C-BN stretches 
on RHS inner phenyl ring with small 
associated c-C stretches 
Quadrant stretch of biphenyl rings 
with associated C-N stretches. C-N 
stretches from outer phenyl rings 
with associated C-C stretches and 
large methyl C-C stretches 
Quadrant stretch of biphenyl rings 
with associated C-N stretches. C-N 
stretches from outer phenyl rings 
with small associated C-C 
stretches. 
Large quadrant stretches from 
phenyl rings on RHS of molecule 
with C-N stretches 
201 
Appendix A: Experimental and Computational Raman Data 
1154 (w) 
1030 (w) 
986 (m) 
918(w) 
822(w) 
685(w) 
662 (w) 
1001 (w) 
993 (m) 
926 (m) 
923 (s) 
816(w) 
815 (w) 
C-C and C-H wagging on RHS of 
molecule with associated C-N 
stretches 
Large C-C stretches on unsub. 
phenyl ring on RHS with some C-N 
stretch. Small C-C and C-N 
stretches from other two phenyl 
rings on RHS 
Large C-C stretches from sub. 
phenyl rings on each end of 
molecule coupled with C-N 
stretches. Small C-N and C-C 
stretches from other phenyl rings 
C-H wagging from inner biphenyl 
rings and outer phenyl rings with 
associated C-C and C-N stretches. 
Large C-H wagging from biphenyl 
rings with associated C-C and C-N 
stretches. Small C-H wagging from 
outer phenyl rings with associated 
C-C and C-N stretches 
Large C-H wagging and C-C 
stretches from RHS sub. phenyl 
ring with associated C-N stretch. 
Small C-N stretches from other two 
phenyl rings on RHS with C-C 
stretches and C-H wagging 
Biphenyl C-C stretch with 
associated C-C phenyl stretches in 
middle rings and C-N stretches. C-
N and C-C stretches from outer 
phenyl rings with some C-H 
wagging 
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562 (w) 
530{w) 
424(w) 
400 (m) 
s =strong 
558 
562 
413 
398 
405 
C-H wagging and C-C stretches 
across whole molecule with 
associated C-N stretches 
C-H wagging and C-C stretches 
across whole molecule with 
associated C-N stretches 
C-H wagging and C-C stretches 
with C-N stretches across wholw 
molecule 
Large C-H wagging and C-C 
stretches on biphenyl rings with 
associated C-N stretches. Smaller 
C-H wagging and C-C stretches on 
end phenyl rings 
m= medium w =weak sh = shoulder 
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Appendix B- Courses, Lectures, Colloquia and Conferences Attended 
First Year Introduction Courses: October 2000 
The courses consist of one hour lectures on the services available in the department. 
1. Department Safety 
2. Safety Matters 
3. Electrical appliances and Infrared Spectroscopy 
4. Chromatography and Microanylasis 
5. Atomic Absorption and Inorganic Anylasis 
6. Library Facilities 
7. Mass Spectroscopy 
8. Nuclear Magnetic Resonance 
9. Glass Blowing Techniques 
10. Introduction to Computing Facilities 
Examined Lecture Courses: October 2000 to April 2001 
Three courses were attended consisting of one hour lectures followed by a written examination 
in each. 
1. Electroanalytical Techniques, Dr. R. Kataky 
2. Lasers in Chemistry, Dr. A. Beeby 
3. NMR Techniques, Dr. A. Kenwright 
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Research Colloquia, Seminars and Lectures Organised by the 
Department of Chemistry 
Only lectures attended by the author during the period October 2000 - September 2003 are 
shown 
2000 
October 25 Dr S.F. Campbell, Former Senior Vice President of Pfizer 
Science, art and drug discovery. A personal perspective 
November 7 Dr C. Ludman, Durham University 
Explosions - A demonstration lecture 
November 8 J.P.L. Cox, Bath University 
Cosmic: a universal, DNA-based language for communicating with aliens and 
other intelligent lifefom1s 
November 22 Dr Wayne Hayes, University of Reading 
Synthesis ofNovel Dendrimers and Hyperbranched Polymers 
November 28 Professor C. Steward, Heriot-Watt University 
Commercial and technological developments in the international brewing 
industry 
December 6 Professor Richard Compton University of Oxford 
2001 
January 10 
January 24 
Dual activation approaches to electroanalysis: ultrasound, microwaves and laser 
activation 
ProfessorS. P. Amles 
School of Chemistry, Physics and Environmental Science, University of Sussex 
Micelles, reversed micelles and shell-crosslinked micelles based on tertiary 
amine methacrylates 
Dr Andrew deMello, Department of Chemistry, Imperial College, London 
Chemical Integrated Circuits: organic synthesis and analysis on a small scale 
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May2 
October 9 
October 31 
Dr. A WG Platt, University of Staffordshire 
Transition Metal Complexes of Alkylsufonated phosphines and their Antitumor 
Properties 
Dr Roy S Lehrle, Birmingham 
Forensics, Fakes and Failures 
Dr Col in Raston, School of Chemistry, Univ of Leeds 
Towards benign supramolecular chemistry: synthesis- self organisation 
November 6 Dr Cliff Ludman, Durham University 
Explosions - a demonstration lecture 
November 14 Professor John Goodby, Department of Chemistry, University of Hull 
Supermolecular liquid crystals - multipodes and dendrimers 
November 20 Professor Peter Atkins 
A Century of Physical Chemistry 
2002 
February 26 Dr Mike Griffin, Forensic Science Service, Metropolitan Police 
Smack, Crack, Speed and Weed: A forensic chemists tale 
2003 
February 12 Professor Paul Raithby, Department of Chemistry, University of Bath 
Adventures in Organometallic Polymer Chemistty 
February 25 Professor Brian Tighe, Aston Biomaterials (supported by the North East 
Polymer Association) 
March 5 
Blood Sweat and Tears: Problems in the design of Biomaterials 
Professor Neil Connelly, School of Chemistry, University of Bristol 
Redox-active Metal Alkyne and Related Complexes: Structure, Bonding and 
Reactivity 
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Conferences and Symposia attended 
Posters t and tOral presentations 
30th May-4th June 2002 
13th -18th July 2002 
91h -1oth September 2002 
lOth January 2003 
19th February 2003 
gth -9th May 2003 
25th June 2003 
1 st_2nct September 2003 
Fifth International Symposium on Functional n-Systems, 
University ofUlm/Neu -Ulm, Germanyt 
Metal Containing Molecules, 2nd Chianti Electrochemistry 
Meeting, Siena, Italyt 
Universities of Scotland Inorganic Conference, Edinburgh 
University, Scotlandt 
Research Councils' Graduate Schools Programme, Derby 
Avecia/Departmental Poster Competition t 
New Strategies in Metal Chemistry: Organometallics, Clusters, 
Nanoparticles and Catalysis, Dalton Division, Symposia, 
University of Nottingham 
A vecia Case symposium, Grassmere, Lake Districq 
Department Post Graduate Symposiat 
Universities of Scotland Inorganic Conference, University of 
Strathclyde, Scotlandtt 
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